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Preface 


This  special  issue  of  Thin  Solid  Films  contains  papers 
presented  at  the  2nd  International  Atomic  Layer  Epi¬ 
taxy  Symposium  held  in  Raleigh,  NC,  from  June  2-5, 
1992.  This  symposium  is  a  follow-up  to  the  first  sympo¬ 
sium  held  in  Helsinki  in  1990.  The  size,  breadth  and  the 
technical  emphasis  of  the  symposium  indicates  the  con¬ 
tinuing  growth  and  interest  in  the  atomic  layer  epitaxy 
(ALE)  area.  The  symposium  was  attended  by  130  par¬ 
ticipants  representing  eight  countries.  The  meeting 
lasted  for  three  days  whereupon  63  papers  were  orally 
presented.  Also,  a  late  news/poster  session  held  on  the 
evening  of  the  second  day  had  1 1  presentations,  which 
brought  the  total  number  of  papers  to  74. 

The  symposium  provided  the  forum  for  specialists  in 
the  ALE  area  to  identify  and  discuss  important  scien¬ 
tific  and  technical  issues  and  to  chart  promising  direc¬ 
tions.  The  technical  emphasis  of  this  meeting  in  many 
ways  represented  the  natural  development  of  the  themes 
established  at  the  first  symposium.  There  was  a  great 
deal  of  emphasis  on  the  self-limiting  mechanisms  in  the 
ALE  growth  of  GaAs  using  TMGa.  Several  models 
were  presented  based  on  in  situ  monitoring  techniques. 
They  include  the  use  of  surface  photoabsorption,  reflec¬ 
tance  difference  spectroscopy  and  temperature-pro¬ 
grammed  desorption  to  identify  surface  reconstructions 
and  the  nature  of  the  adsorbed  species,  leading  to  the 
monolayer  growth  of  GaAs.  ALE  reactor  designs  were 
also  addressed  for  maintaining  the  self-limiting  process, 
achieving  high  throughput  and  high  growth  rate.  ALE 
of  GaAs  with  growth  rates  approaching  1  pmh"^  was 
also  reported.  Problems  of  high  carbon  background  in 
ALE-grown  III-V  compounds  were  addressed  and  sev¬ 
eral  ALE  devices  in  GaAs,  AlGaAs  and  GaN  systems 
were  reported.  The  performance  of  several  of  these 
ALE-grown  devices  are  comparable  or  even  better  than 
their  MBE  or  MOCVD  counterparts,  thus  establishing 
ALE  as  a  future  growth  technique. 


The  concept  and  initial  results  for  digital  etching  in 
GaAs  and  Si  structures  were  presented  leading  to  sev¬ 
eral  quantum  structures  and  3D  investigations.  ALE  of 
group  IV  (Si,  SiGe,  SiC  and  diamond)  has  been  ad¬ 
dressed  and  several  papers  reported  the  achievement  of 
monolayer  growth  in  these  systems.  The  nature  of  the 
adsorbed  species  when  SiCl2H2  was  used,  have  been 
investigated  by  several  groups.  Industrial  interest  in 
the  ALE  of  Si  was  very  apparent  at  the  meeting.  ALE 
in  II -VI  and  oxides  for  display  devices  and  high 
superconductors,  respectively,  were  reported.  The 
symposium  demonstrated  the  interest  and  potential  ap¬ 
plications  of  the  ALE  in  the  semiconductor  and  the 
superconductor  fields. 

A  rump  and  a  panel  discussion,  led  by  M.  Yoder, 
was  held  on  Thursday  evening  to  address  “ALE  as  a 
Future  Technology”.  The  general  feeling  of  those  at  the 
rump  session  was  to  devote  more  efforts  in  addressing 
the  major  challenges  facing  the  ALE  technique  thus 
leading  the  way  to  industrial  applications.  Dr.  Henry 
Kressel  was  the  keynote  speaker  for  the  symposium 
banquet  and  gave  a  talk  entitled  “Reflections  on  the 
Golden  Age  of  Material  Science”.  The  talk  traced  the 
major  scientific  and  technological  milestones  in  the 
electronic  age  and  how  these  spectacular  developments 
have  largely  been  made  possible  by  developments  in 
materials  science. 

It  is  a  pleasure  to  express  thanks  and  appreciation  to 
the  session  chairpersons  and  to  my  students  in  playing  key 
roles  in  conducting  a  successful  meeting.  The  editor 
would  also  like  to  acknowledge  the  help  of  many  referees, 
and  Molly  Hodges  and  Joan  Livingood  for  secretarial 
support. 

S,  M.  Bedair 
Guest  Editor 
Raleigh,  NC,  USA 
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Abstract 

The  surface  reaction  mechanism  of  trimethylgallium  (TMG)  on  GaAs  is  investigated  using  quadrupole  mass 
spectroscopy  (QMS).  The  present  QMS  measurements,  which  concern  only  the  surface  reaction  itself,  distinguish  the 
surface  reaction  of  TMG  on  {100}-oriented  GaAs  as  being  of  two  types.  By  taking  into  account  the  QMS  results 
for  the  {111}  Ga  and  (111)  As  surfaces,  the  surface  reaction  mechanism  on  GaAs  is  discussed.  These  results  are 
applicable  to  the  molecular  layer  epitaxy  (MLE)  of  GaAs  of  high  purity. 


1.  Introduction 

Recently,  precise  control  of  the  epitaxial  layer  thick¬ 
ness  and  crystal  quality  has  been  increasingly  required 
to  atomic  accuracy  for  various  kinds  of  device  fabrica¬ 
tion. 

Nishizawa  et  al.  first  applied  the  idea  of  the  ALE 
method  [1],  which  had  been  used  for  the  preparation  of 
polycrystalline  II-VI  compounds,  to  grow  monocrys¬ 
talline  GaAs  [2].  By  applying  alternate  injections  of  the 
gas  sources  used  in  the  field  of  metallorganic  chemical 
vapour  deposition  (MOCVD)  in  vacuum,  monomolec- 
ular  GaAs  crystal  was  epitaxially  grown  on  substrates 
on  a  molecular  basis.  In  view  of  the  reaction  and 
growth  mechanisms,  this  method  can  be  termed  molec¬ 
ular  layer  epitaxy  (MLE).  In  the  MLE  method  the 
component  atomic  species  are  supplied  as  compounds 
and  the  monomolecular  layer  is  formed  by  the  chemical 
reaction  on  the  crystal  surface.  Therefore  it  is  essential 
to  understand  the  surface  reaction  mechanisms  of  the 
source  compounds.  Whereas  the  chemical  reaction  in 
the  vapour  phase  has  been  intensively  investigated  by 
means  of  IR  absorption  spectroscopy  analysis  [3],  etc., 
various  methods  of  analysis  have  been  widely  applied  to 
determine  the  adsorbed  chemical  species  on  the  GaAs 
surface  [4-9].  However,  our  understanding  of  the  sur¬ 
face  reaction  mechanisms  and  the  adsorbed  species  on 
the  surface  is  still  far  from  complete. 

In  this  paper  we  apply  quadrupole  mass  spectroscopy 
(QMS)  to  analyse  the  trimethylgallium  (TMG)  reaction 
on  GaAs  crystals  with  three  integral  crystal  orientations 


of  (100),  {111}A  and  {111}£  [10].  The  present  QMS 
measurements  were  concentrated  on  the  detection  of 
only  the  surface  reaction  itself.  The  transient  behaviour 
of  the  QMS  signal  was  separated  from  that  in  the 
steady  state.  This  results  in  the  surface  reaction  mecha¬ 
nism  of  TMG  on  the  first  adsorbed  layer  being  shown 
to  be  different  from  that  on  the  second  adsorbed  layer. 
In  the  light  of  the  present  QMS  results  the  possibility  of 
growing  high  purity  GaAs  in  the  TMG/AsHj  system  is 
shown. 


2.  Experimental  details 

Figure  1  shows  a  schematic  drawing  of  the  QMS 
apparatus.  The  main  aim  of  this  construction  is  to 
detect  the  net  surface  reaction  caused  only  on  the  GaAs 
crystals.  The  GaAs  crystals  used  were  horizontal-Bridg- 
man-  (HB-)  grown  substrate  material  doped  with 


Fig.  1.  Schematic  drawing  of  main  parts  of  QMS  apparatus. 
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Si(^  10^^cm“^).  The  GaAs  crystals  are  placed  on 
the  quartz  susceptor  containing  the  IR  lamp  heater. 
The  QMS  analyser  is  placed  just  above  the  GaAs 
substrate.  The  movable  thin  quartz  plate  [11]  is  placed 
Just  above  the  GaAs  substrate  at  a  distance  of  300  pm. 
This  enables  us  to  detect  the  significant  surface  reaction 
of  TMG  caused  only  on  the  GaAs  surface.  A  detailed 
description  of  this  QMS  apparatus  is  given  elsewhere 
[10]. 

A  GaAs  crystal  etched  with  H2S04  4-H202  solution 
is  placed  on  the  quartz  susceptor  in  vacuum  and  heated 
to  about  650°C  in  ASH3  at  a  pressure  of  2.7  x  10”^  Pa 
for  a  few  minutes.  Then  the  GaAs  crystal  is  cooled  to 
the  experimental  temperature  and  the  ASH3  supply  is 
stopped.  TMG  is  introduced  into  the  analysing  cham¬ 
ber  with  the  quartz  plate  covering  the  GaAs  crystal. 
The  TMG  pressure  in  the  analysing  chamber  is 
3  X  10”^  Pa.  This  gives  the  background  QMS  signal 
caused  on  the  QMS  analyser,  chamber  wall,  etc.,  but 
not  on  the  GaAs  crystal.  After  the  background  QMS 
signal  has  stabilized,  the  quartz  plate  is  removed  from 
the  GaAs  surface.  This  procedure  gives  the  net  QMS 
signal  of  the  surface  reaction  induced  only  on  the  GaAs 
surface. 


3.  Results  and  discussion 

3.1.  Surface  reaction  of  TMG  in  steady  state 
on  {1 00} -oriented  GaAs 

Figure  2  shows  the  substrate  temperature  depen¬ 
dences  of  the  net  QMS  signals  in  the  steady  state.  The 
main  QMS  signals  due  to  TMG  introduction  were 
""Ga(CH3)2+,  ''CH3+,  ""Ga+  and 

^^'^Ga(CH3)3^  was  also  detected.  When  the  GaAs  sur¬ 
face  is  covered  by  the  masking  quartz  plate,  the 
^^Ga(CH3)2'^  signal  increases  and  stabilizes  within  a 
few  minutes.  When  the  GaAs  surface  is  exposed  by 


Substrate  Temperature  (*C) 


1000/T  (1000/K) 


Fig.  2.  Substrate  temperature  dependences  of  net  QMS  signals  in 
steady  state. 


removing  the  quartz  plate,  the  ^^Ga(  €113)2'^  signal 
shows  a  rapid  decrease  and  then  recovers.  This  decrease 
is  due  to  the  net  adsorption  on  the  surface.  In  Fig.  2  the 
net  ion  current  is  calibrated  by  additional  experimental 
results  which  show  the  intensity  modification  by  the 
different  scattering  positions  of  TMG  between  the 
masking  quartz  plate  and  the  GaAs  crystal.  The  de¬ 
crease  in  ^^Ga(CH3)2‘^  indicates  a  different  activation 
energy  at  around  600  °C.  The  limiting  process  of  the 
surface  reaction  is  thought  to  be  adsorption  below 
600  °C  and  desorption  above  600  °C. 

The  ^^CH3+  signal  also  increases  even  when  the  GaAs 
is  covered  by  the  plate.  Therefore  this  signal  is  not  due 
to  the  surface  reaction.  When  the  GaAs  crystal  is  exposed, 
the  *  signal  shows  a  maximum  value  and  then  satur¬ 
ates.  In  Fig.  2  the  net  ^^CH3^  ion  current  caused  by  the 
surface  reaction  was  also  obtained  by  taking  into  consid¬ 
eration  the  change  in  baseline  within  the  exposure  time. 
From  additional  experimental  results  on  the  appearance 
voltage  of  the  QMS  measurements,  it  is  considered  that 
the  present  ^^CH3'^  signal  is  due  to  the  CH3  radical 
(CH3*).  As  seen  in  Fig,  2,  the  increase  in  ^^CH3+  ion 
current  shows  at  least  three  different  activation  energies 
at  around  400-460, 510-610  and  610-660  ‘^C.  The  ^^Ga^ 
and  ^'^GaCH3'^  signals  show  almost  the  same  temperature 
dependences  as  that  of  ^^CH3^.  This  means  that  the 
surface  reaction  mechanism  in  the  steady  state  is  classified 
into  at  least  three  different  main  limiting  processes.  In 
view  of  the  QMS  consideration  of  the  net  ion  current  in 
the  steady  state,  the  dominant  reaction  paths  of  TMG 
on  GaAs  surface  are  deduced  as  follows: 

Ga(CH3)3 - >  Ga( CH3 >2  T  +  CH3 1  ( 1) 

(steady  state:  400-460  °C) 

Ga(CH3)3 - >  GaCH3 1  +  2CH3 1  (2) 

(steady  state:  510-610  °C) 

Ga(CH3)3  ^  Ga  t  +  3CH3  T  (3) 

(steady  state:  610-750  X) 

Figure  3  shows  the  ratio  of  ^^CH3^  to  ^^Ga(CH3)2'^  and 
the  ion  current.  The  ratio  in  the  steady  state 
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Fig.  3.  Temperature  dependences  of  ratio  of  to  ^^Ga(CH3)2'^ 

and  ion  current  in  steady  state. 
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remains  at  about  1.2  at  around  570-670  °C.  In  view 
of  the  temperature  dependence  of  the  limiting  process 
as  shown  in  Fig.  2,  ^'^GaCH3^  will  be  formed  in  this 
temperature  range.  Therefore  it  can  be  deduced  that 
^'^GaCH3^  and  Ga  will  be  formed  when  the  ratio  of 
^^CH3+  to  ^^Ga(CH3)2+  exceeds  0.6  and  1.2  respectively. 

3.2.  Surface  reaction  just  after  TMG  exposure 
on  {100}  GaAs 

Figure  4  shows  the  temperature  dependences  of  the 
decrease  in  ^^Ga(CH3)2+  and  the  increase  in  ’^CH3-' 
ion  current.  During  the  initial  state  of  exposure  the  ion 
current  ratio  of  ^^CH3'''  to  ^^Ga(CF[3)2^  is  almost  1.2 
even  at  400  ""C.  Although  the  ®'^GaCH3+  and  ^^Ga^ 
signals  do  not  increase,  it  is  considered  that  TMG 
decomposes  into  GaCH3  followed  by  2CH3  release 
from  the  surface.  However,  in  contrast  to  the  steady 
state  surface  reaction,  ^^GaCH3^  is  considered  to  ad¬ 
sorb  on  the  surface  just  after  the  exposure  of  TMG.  In 
the  temperature  range  500-610  °C  the  ratio  of  ^^CH3^ 
to  ^^Ga(CH3)2^  exceeds  1.2.  Therefore  it  is  considered 
that  the  exposed  TMG  decomposes  into  Ga.  At  610- 
720  °C  the  ratio  also  becomes  1.2.  ^^GaCH3^  is  con¬ 
sidered  to  be  formed  and  then  desorb  from  the  surface 
because  of  its  short  residence  time  due  to  the  high 
substrate  temperature.  At  temperatures  above  720  °C 
the  ratio  also  exceeds  1.2.  This  means  that  ^^Ga+ 
will  be  formed  and  then  desorb  from  the  surface. 
Above  650  ""C  decomposition  of  Ga  and  As  can  be 
observed  from  the  GaAs  crystal  itself.  Therefore  it  is 
considered  that  desorption  of  ^'^GaCH3‘^  and  ^^Ga^ 
will  occur.  Surface  inspection  by  optical  microscopy 
revealed  the  formation  of  Ga  droplets  only  just  under 
the  TMG  injection  nozzle  at  710  °C.  This  also  suggests 
the  validity  of  the  idea  of  Ga  desorption  at  higher 
temperature. 


Substrate  Temperature  ("C) 


lOOO/T  (1000/K) 

Fig.  4.  Temperature  dependences  of  decrease  in  ^^Ga(CH3)2'*'  and 
increase  in  ion  currents  at  initial  state  of  exposure. 


In  summary,  in  the  initial  surface  reaction  on  {100} 
GaAs  the  reaction  process  will  be  described  as  follows: 

Ga(CH3)3 - >  Ga(CH3)2i  +  CH3T 

Ga(CH3)3 - >  GaCH3i  +  2CH3t 

(initial  state:  400-450  °C) 

Ga(CH3)3 - ^  GaCH3i  +  2CH3t 

Ga(CH3)3 - >  Ga i  +  3CH3  j 

(initial  state:  450-560  °C) 

Ga(CH3)3 - ^  GaCH3t  +2CH3t 

(b) 

Ga(CH3)3 - .Ga(CH3)2T  +  CH3t 

(initial  state:  560-680  °C) 

Ga(CH3)3 - >  Gat +  3CH3T  P) 

(initial  state:  above  680  °C) 

Next  we  distinguish  two  types  of  net  ion  current, 
namely  those  of  the  initial  and  steady  states  after  TMG 
exposure. 

Whereas  the  ^^CH3'^  and  ^^Ga(CH3)2+  signals  show 
a  drastic  change  during  the  intial  state  of  TMG  expo¬ 
sure,  the  change  in  the  ^'^GaCH3^  and  ^^Ga’^  signals  is 
small.  In  the  steady  state  after  a  few  minutes  of  expo¬ 
sure  the  ^‘^GaCH3+  and  ^^Ga'^  signals  dominate  the 
surface  reaction  on  GaAs.  Therefore  the  observed 
^^CH3+  and  ^^Ga(CH3)2^  signals  after  exposure  seem 
to  include  both  the  steady  and  initial  state  reactions.  In 
order  to  distinguish  the  initial  surface  reaction  from  the 
steady  state  reaction,  two  hypotheses  are  assumed: 
(1)  the  ^'^GaCH3'^  signal  is  caused  only  by  the  steady 
state  reaction;  (2)  the  steady  state  ion  currents  of 
*^CH3+  and  ^^Ga(CH3)2^  are  proportional  to  that  of 
^'^GaCH3+.  Figure  5  shows  the  substrate  temperature 
dependences  of  the  (a)  initial  and  (b)  steady  state 
reactions  of  TMG  on  {100}  GaAs. 

The  ion  currents  of  ^^CH3'^  (/15)  and  ^^Ga(CH3)2^ 
(799)  in  the  initial  state  reaction  are  well  represented 
with  respect  to  the  exposure  time  as 

/,5  =  ^exp(-T0  (8) 

=  B[  \  -  C  exp(  —  ^0]  (9) 

These  kinds  of  equations  which  show  a  simple  surface 
reaction  process  also  verify  the  validity  of  the  self-limit¬ 
ing  growth  mechanism  in  the  TMG/ASH3  system 
(see  Appendix).  Here  t  and  3  are  theoretically  deduced 
from  the  surface  reaction  velocity  constant  k  multiplied 
by  the  number  of  TMG  molecules  just  above  the 
surface.  Therefore  the  activation  energy  of  the  surface 
reaction  process  at  the  first  layer  is  obtained  from 
the  temperature  dependence  of  k.  The  activation  energy 
for  ^^CH3'^  is  determined  to  be  17.2  kcal  mol“^  at 
420-650  °C.  However,  the  activation  energy  for 
^^Ga(CH3)2'^  is  quite  different  from  that  of  ^^CH3'^  and 


4 


J.  Nishizawa  et  al.  /  Molecular  layer  epitaxy  of  GaAs 


Fig.  5.  Substrate  temperature  dependences  of  (a)  initial  and  (b) 
steady  state  surface  reactions  of  and  ^‘^Ga(CH3)2+. 
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the  surface. 


process  is  completed  more  rapidly  at  higher  tempera¬ 
ture. 

In  order  to  identify  the  adsorbed  species  on  the  GaAs 
crystal,  the  ratio  of  to  ^^Ga( €113)2^  is  consid¬ 

ered.  The  ratio  shows  a  monotonic  decrease  from  2.0  to 
0.4  as  the  substrate  temperature  rises  in  the  temperature 
range  410-650  °C.  This  leads  to  the  crucial  conclusion 
that  the  adsorbed  species  is  Ga  at  the  first  surface 
reaction  layer  at  420-510  °C  and  that  another  adsor¬ 
bent  with  more  CH3  will  absorb  at  higher  substrate 
temperature. 

3.3,  Surface  reaction  of  TMG  on  {100}  GaAs 

From  the  QMS  results  mentioned  above,  the  surface 
reaction  process  of  TMG  can  be  deduced  as  follows.  At 
420-510  °C  a  single  monolayer  of  Ga  will  be  formed  on 
the  GaAs  surface  as  a  result  of  TMG  introduction. 
However,  the  formation  of  this  adsorbed  layer  takes  a 
little  bit  longer  when  the  substrate  temperature  is  lower. 
In  addition,  the  temporal  adsorption  phenomenon  of 
^"Ga(CH3)2  and  ^^GaCH3  should  also  occur  on  the 
GaAs  surface  at  lower  temperature.  Above  510  °C  the 
adsorbed  layer  thickness  becomes  less  than  one  mono- 
layer,  with  an  additional  CH3  adsorbed  layer.  Once  the 
Ga  adsorbed  layer  has  been  formed  on  the  surface,  this 
accelerates  the  decomposition  of  arriving  TMG 
molecules.  From  the  steady  state  considerations 
^^Ga(CH3)2  will  be  formed  below  510  °C.  At  510- 
610  °C  ^'^GaCH3  will  be  formed  on  TMG  introduction. 
Finally,  Ga  will  be  formed  at  higher  temperature  and 
will  accumulate  as  Ga  droplets.  Figure  7  shows  a 
schematic  drawing  of  the  surface  reaction  on  {100}-ori- 
ented  GaAs. 

3.4.  Surface  reaction  process  of  TMG  on  {llljB  GaAs 
surface 

Similar  QMS  measurements  were  also  applied  on  the 
{111}5  surface.  In  contrast  to  the  {100}  surface,  it  takes 
longer  to  saturate  the  decrease  in  ^^Ga(CH3)2'^  and 
increase  in  ^^CH3^  ion  currents.  The  net  ion  currents  of 


is  determined  to  be  12.9  kcal  mol”k  This  suggests  that 
the  rate-limiting  processes  for  adsorption  and  desorp¬ 
tion  with  ^^CH3'^  release  are  different. 

Figure  6  shows  the  substrate  temperature  depen¬ 
dences  of  the  total  charge  obtained  from  the  integration 
of  ion  current  with  exposure  time  for  the  initial  reaction 
only.  This  is  thought  to  be  proportional  to  the  net 
amount  of  adsorbed  species.  Whereas  the  peak  ion 
currents  of  ’^CH3+  and  ^^Ga(CH3)2^  increase  with 
respect  to  temperature,  the  net  amount  of  integrated 
charge  is  almost  the  same  in  the  specific  temperature 
range  420-510  °C.  This  means  that  the  amount  of 
adsorbed  species  is  constant  and  that  the  adsorption 
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Fig.  7.  Schematic  drawing  of  surface  reaction  of  TMG  on  {100} 
GaAs  surface. 


J.  Nishi-awa  et  al  /  Molecular  layer  epitaxy  of  GaAs 


5 


^'^GaCH3'^  and  show  similar  dependences  as  a 

function  of  temperature.  On  the  {111}^  surface  optical 
inspection  reveals  the  formation  of  Ga  droplets  above 
460  ""C.  X-ray  photoelectron  spectroscopy  (XPS)  mea¬ 
surements  detected  an  increase  in  Ga  on  the  surface  even 
without  Ga  droplet  formation  when  the  TMG  introduc¬ 
tion  was  stopped  at  the  initial  stage  of  exposure  just 
before  the  ion  current  increased  at  480  C.  Therefore  it  is 
considered  that  Ga  or  Ga  compounds  on  the  surface 
seem  to  accelerate  the  decomposition  of  TMG. 

An  Arrhenius  plot  of  the  steady  state  QMS  signal 
shows  the  existence  of  three  types  of  reaction  process  at 
around  450  °C,  between  450  and  500  °C  and  above 
500  ""C.  An  Arrhenius  plot  of  the  initial  state  QMS  signal 
shows  at  least  two  sorts  of  reaction  process  below  and 
above  500  °C.  The  ratio  of  ^^CH3'^  to  ^^Ga(CH3)2’^ 
indicates  that  Ga  formation  will  occur  above  490  °C  in 
the  steady  state.  At  the  initial  state  of  exposure  the  ratio, 
which  indicates  ^'^GaCH3+  formation  above  0.6  and  Ga 
formation  above  1.2  respectively,  shows  that 
formation  will  occur  around  460  °C  and  that  Ga  will  be 
formed  above  490  °C.  In  addition,  the  ratio  at  the  initial 
state  of  exposure  becomes  lower  than  that  at  the  steady 
state.  This  indicates  that  the  adsorbed  ^^Ga(CH3)2  and 
^"^GaCH3  will  decompose  gradually  into  Ga  on  the  sur¬ 
face.  The  detection  of  the  ^'^GaCH3+  signal  also  indicates 
a  surface  reaction  process  by  collisions  among  adsorbed 
^^Ga(CH3)2  and  ^'^GaCH3  or  arriving  TMG  molecules. 

3.5.  Surface  reaction  process  on  {IlljA  GaAs 

On  the  {111}^  surface  the  net  substrate  temperature 
dependence  of  the  QMS  signal  shows  only  one  type  of 
activation  process.  This  means,  in  contrast  to  the  {100} 
and  {111}^  surfaces,  that  only  one  kind  of  surface 
reaction  will  proceed  at  both  the  initial  and  steady  states 
after  TMG  exposure.  Indeed,  no  epitaxial  layer  could  be 
obtained  on  the  {111}^  surface  in  the  TMG/ASH3 
system.  This  means  that  decomposition  of  TMG  will 
occur  on  the  (1 1 1}^  surface  simultaneously,  but  that  the 
decomposed  chemical  species  from  TMG  cannot  adsorb 
on  the  (1 1 1}^  surface.  Below  450  °C,  whereas  a  decrease 
in  the  ^^Ga(CH3)2^  ion  current  could  be  observed,  no 
increase  in  the  ^^GaCH3+  and  ion  currents  could 

be  detected.  This  means  that  the  arriving  TMG  will  not 
decompose  at  this  low  temperature  and  adsorb  on  the 
{111)^4  surface  as  it  is.  This  kind  of  adsorption  of  TMG 
without  any  decomposition  could  be  also  observed  on 
the  {100}  and  {111}.B  surfaces  below  250  °C. 


4.  Summary 

QMS  analysis  was  applied  to  investigate  the  surface 
reaction  of  TMG  on  {100}-,  {111}^-  and  {lll}5-ori- 
ented  GaAs  crystals.  The  present  QMS  measurements 


clarify  the  change  in  the  CH3*  and  GaCH3  signals 
caused  only  on  the  crystal  as  a  function  of  the  exposure 
time  and  surface  orientation.  On  the  {100}  surface 
significant  decomposition  is  observed,  especially  just 
after  the  exposure,  and  a  single  monolayer  of  adsorbed 
Ga  is  formed.  Then  Ga(  013)2  and  GaCH3  formation 
proceeds  on  the  Ga  adsorbed  layer.  Finally,  Ga  accumu¬ 
lation  and  formation  of  Ga  droplets  can  be  expected.  On 
the  {111}^  surface  a  time  delay  of  decomposition  is 
observed  after  substrate  exposure.  This  means  that 
collisions  between  adsorbed  species  and  reactions  be¬ 
tween  adsorbed  species  and  the  introduced  TMG  must 
be  taken  into  account  in  considering  the  surface  reac¬ 
tion.  On  the  {lll}y4  surface  TMG  shows  no  significant 
decomposition  below  450  and  adsorbs  simulta¬ 
neously  on  the  surface.  Further  quantitative  consider¬ 
ation  will  complement  the  present  QMS  results. 

From  the  QMS  results  mentioned  above,  it  is  ex¬ 
pected  in  the  TMG/ASH3  system  that  the  temporal 
adsorption  of  Ga  compounds  with  XCH3  will  occur  at 
lower  temperature  and  that  a  Ga  desorbed  layer  will  be 
formed  with  additional  CH3  adsorption  at  higher  tem¬ 
perature.  This  results  in  the  serious  incorporation  of 
carbon  into  the  epitaxial  layer.  Therefore  it  is  expected 
that  a  high  purity  GaAs  layer  will  be  obtained  in  the 
TMG/ASH3  system  at  the  appropriate  substrate  tem¬ 
perature  and  remaining  time  of  adsorbence.  Figure  8 
shows  the  spatial  distribution  of  carrier  concentration 
obtained  by  capacitance  voltage  (CF)  measurements. 
Epitaxial  growth  was  carried  out  at  490  °C  on  {100}- 
oriented  n+  (n  =  2x  10’^cm“^)  GaAs  doped  with  Si. 
TMG  and  ASH3  were  introduced  alternately  at  pres¬ 
sures  of  3.3  X  10“^  and  3.3  x  10^^  Pa  in  the  growth 
chamber  respectively.  The  background  pressure  of  the 
growth  system  was  1.3  x  10“'^Pa.  The  carrier  concen¬ 
tration  obtained  was  in  the  range  (4-8  x  10^^  cm“^ 
at  297  K.  In  our  previous  studies  on  the  TMG  and 
ASH3  pressure  dependences  of  carrier  concentration  the 
lowest  carrier  concentration  obtained  was  above  1  x 
10*^  cm^^.  More  precise  determination  of  the  surface 


Fig.  8.  Spatial  distribution  of  carrier  concentration  obtained  from 
CV  measurements.  The  carrier  concentration  obtained  was  in  the 
range  (4-8)  x  10’'^cm“^  at  297  K. 


6 


J.  Nishizawa  et  al.  /  Molecular  layer  epitaxy  of  GaAs 


reaction  mechanism  will  enable  us  to  grow  high  purity 
GaAs  in  the  TMG/ASH3  system  with  the  self-limiting 
process. 
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Appendix 

The  surface  reaction  of  TMG  on  GaAs  is  represented 
as 

TMG  +  5 - ^  Ga(CH3)3 j  +XCH3 T  ( Al) 

Therefore  the  reaction  velocity  r  can  be  obtained  as 

r  =  ^[TMG]*S  ( A2) 

where  S  is  the  number  of  adsorption  sites  and  k  is  the 
reaction  velocity  constant.  Equation  (A2)  is  valid  under 


the  assumption  that  the  reverse  reaction  is  negligible.  It 
is  considered  that  one  adsorbent  adsorbs  on  one  ad¬ 
sorption  site,  because  the  self-limiting  growth  of  one 
monolayer  can  be  achieved  in  the  TMG/ASH3  system. 
The  reaction  velocity  equation  can  be  written  as 

j^=kQS{t)  (A3) 

where  q  is  the  number  of  adsorbents  and  Q  is  the 
constant  number  of  TMG  molecules  arriving  on  the 
GaAs  surface.  The  summation  of  the  number  of 
remaining  adsorption  sites  and  the  number  of  adsor¬ 
bents  equals  the  initial  number  of  adsorption  sites. 
Therefore 


S,  =  S{t)+q{t)  (A4) 

From  eqns.  (A3)  and  (A4)  the  following  equation  is 
obtained: 


=  (A5) 

The  general  solution  for  the  above  equation  is 
9  =  5o[l  -  exp( -kQt)]  (A6) 

The  reaction  velocity  is  obtained  as 

^=A:e5oexp(-/teO  (A7) 

The  ion  currents  obtained  from  (A  5)  and 

^^Ga(CH3)2^  (799)  are  represented  as 

f^  =  oixkQSQQyjp{—kQt)  (A8) 

/99  =  i^(3  -  x)[Q  -  kQSo  exp(  -kQt)]  ( A9) 

where  a  and  ^  are  the  sensitivities  of  QMS  for  ^^CH3+ 
and  ^^Ga(  013)2'^  respectively. 
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Abstract 

A  simple  model  for  the  self-limiting  Ga  deposition  by  trimethylgallium  in  the  atomic  layer  epitaxy  of  GaAs  is 
proposed.  The  model  features  both  the  site  blocking  of  adsorbed  CH3  groups  on  the  surface  and  the  surface-stoi¬ 
chiometry-dependent  desorption  of  CH3Ga.  It  successfully  reproduces  both  the  self-limiting  Ga  deposition  at 
temperatures  below  a  critical  temperature  and  its  failure  at  higher  temperatures. 


1.  Introduction 

One  of  the  best-studied  atomic  layer  expitaxy  (ALE) 
processes  is  the  growth  of  GaAs(lOO)  by  reacting  the 
GaAs(lOO)  substrate  with  trimethylgallium,  (CH3)3Ga 
(TMGa),  and  arsine,  ASH3,  in  an  alternating  sequence. 
Nishizawa  et  al.  [1]  have  demonstrated  that  at  a  TMGa 
pressure  of  5x  10“^Torr  and  with  4  s  exposure  per 
cycle,  close  to  a  monolayer  (ML)  of  GaAs  could  be 
deposited  per  growth  cycle  when  the  reaction  tempera¬ 
ture  was  in  the  vicinity  of  500  °C.  That  ALE  worked  at 
such  a  low  gas  pressure  indicated  that  the  process  was 
driven  by  surface  reactions.  It  is  now  well  accepted  that 
the  success  of  this  ALE  process  hinges  on  the  self-limit¬ 
ing  deposition  of  Ga  to  approximately  a  monolayer  on 
the  As-terminated  GaAs(lOO)  surface  during  the  TMGa 
cycle.  Two  major  factors  have  been  proposed  to  be 
important  for  the  self-limiting  Ga  deposition.  The  first 
is  the  passivation  of  the  GaAs  surface  by  the  CH3 
groups  from  the  adsorbed  TMGa  molecules  [1,  2].  The 
second  factor  is  the  change  in  surface  chemistry  with 
the  stoichiometric  ratio  of  As  to  Ga  on  the  surface  as 
the  GaAs(lOO)  surface  evolves  from  As  rich  to  Ga  rich 
during  the  Ga  deposition  [3,  4].  The  purpose  of  this 
paper  is  to  elucidate  these  two  factors  and  offer  a  model 
which  utilizes  both  concepts  to  explain  some  phenom¬ 
ena  observed  in  growth  experiments. 

This  ALE  process  has  a  few  important  properties. 
The  self-limiting  deposition  of  Ga  was  evidenced  by  the 
fact  that  the  growth  per  cycle  was  independent  of  the 
TMGa  dosage  (pressure  x  time)  once  the  latter  ex¬ 
ceeded  a  minimum  value  to  produce  a  monolayer  [1]. 
Temperature  was  a  very  important  parameter.  The 
GaAs  deposition  rate  was  not  necessarily  1  ML  per 
TMGa  cycle.  It  increased  steadily  from  about  0.1  ML 
per  cycle  at  350  °C  to  close  to  1  ML  per  cyle  at  500  °C. 
Then  there  was  a  critical  temperature  of  about  520  °C 
above  which  the  Ga  deposition  was  no  longer  self-limit¬ 


ing  and  ALE  failed.  Depostion  of  Ga  droplets  was 
observed  at  these  high  temperatures  [1].  These  results 
were  obtained  under  very  low  pressure  growth  condi¬ 
tions.  The  reactor  pressure  apparently  has  an  effect  on 
the  value  of  this  critical  temperature.  Ozeki  et  al  [5,  6] 
have  reported  successful  ALE  growth  up  to  550  °C  in 
their  20  Torr  reactor  with  the  growth  rate  independent 
of  TMGa  pulse  duration  and  flow  rate  (partial  pressure). 
Recently  Aoyagi  and  his  coworkers  [7]  found  that  this 
critical  temperature  could  be  shifted  upward  by  using 
higher  flow  rates  of  H2  carrier  gas.  In  addition,  Reid  et 
al.  [8]  have  demonstrated  that  ALE  at  atmospheric 
pressure  could  be  achieved  at  600  °C  and  above.  They 
have  proposed  that  TMGa  decomposition  in  the  gas 
phase  could  play  an  important  role.  On  the  other  hand, 
DenBaars  et  al.  [9]  have  observed  deviations  from  ideal 
ALE  at  500  °C  in  their  atmospheric  pressure  reactor.  We 
do  not  have  a  good  explanation  of  the  effects  of  the 
reactor  pressure  at  this  moment.  Hence  we  shall  focus 
our  discussion  on  the  low  pressure  results  of  Nishizawa 
et  al  where  both  gas  phase  reactions  and  gas  dynamics 
did  not  play  an  important  role.  Our  goal  is  to  establish 
a  model  of  ALE  which  gives  the  correct  behavior  with 
respect  to  temperature  and  TMGa  exposure. 


2.  Surface  chemistry 

The  surface  reaction  of  TMGa  on  GaAs(lOO)  sur¬ 
faces  has  been  studied  by  many  groups  [4,  10-14].  Here 
we  shall  summarize  the  experimental  observations  that 
are  relevant  for  the  development  of  the  ALE  model. 
For  the  following  discussion  all  the  coverages  will  be  in 
units  of  monolayer,  which  is  the  number  density  of  Ga 
atoms  in  one  molecular  plane  of  GaAs(lOO)  (6.26  x 
lO’^^cm"^).  The  initial  sticking  coefficient  Sq  of  TMGa 
on  GaAs(lOO)  was  found  to  decrease  from  about  0.6  at 
375  °C  to  about  0.4  at  500  °C  and  was  not  sensitive  to 
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the  Ga:  As  stoichiometric  ratio  of  the  surface  [4].  The  CH3 
group  is  large  and  the  saturation  coverage  on  GaAs(  100) 
at  room  temperature  has  been  reported  to  be  between 
about  0.2  [10]  and  0.25  ML  [14].  Hence  the  steric 
hindrance  factor  a  A,  meaning  that  each  adsorbed  CH3 
group  passivates  four  sites  on  average.  The  sticking 
coefficient  5  is  hence  given  in  the  first  approximation  by 

s=So(l~4CU,])  (1) 

where  [CH3]  is  the  CH3  coverage. 

We  found  that  the  reaction  pathway  was  [4] 

(CH3)3Ga - ^  xGa  +  ( 1  -  x)CH3Gat  +  (2  +  x)CH3t 

(2) 


where  x  is  stoichiometry  dependent.  CH3  was  found  to 
adsorb  on  two  kinds  of  sites  with  dilferent  desorption 
rates,  but  the  slower  pathway  dominated  at  the  temper¬ 
atures  of  interest  [11].  Hence  we  shall  use  the  following 
measured  desorption  rate  for  CH3  in  our  model: 


k  -  10' 


’expl 


45.0  kcal  mol 


(3) 


where  is  the  Boltzmann  constant  and  T  is  the 
absolute  temperature.  The  desorption  of  CH3Ga  is  first 
order  in  [CH3].  Its  desorption  rate  depends  on  the 
As:Ga  stoichiometric  ratio  on  the  surface  and  increases 
rapidly  with  Ga  coverage  once  the  latter  exceeds  a 
critical  value.  This  is  depicted  in  Fig.  1,  where  the 
desorbed  CH3Ga  signal  is  plotted  against  the  increase 
in  Ga  coverage.  The  relative  increase  in  Ga  coverage 
was  determined  by  the  simultaneous  determination  of 
the  sticking  coefficient  during  the  experiment.  The  de¬ 
tailed  analysis  will  be  reported  in  future  publications. 
The  uppermost  curve  is  for  375  °C,  where  the  starting 
surface  was  the  As-stabilized  c(2  x  8)  surface.  The 
CH3Ga  desorption  was  small  and  Ga  coverage  inde¬ 
pendent  initially  [4].  Then  the  yield  increased  rapidly 
with  the  Ga  coverage  [Ga]  when  the  latter  reached  a 
critical  value  [Ga]o.  We  found  that  this  rapid  increase 
could  be  approximated  by  the  expression 


/(Ga)=([Ga]-[Ga]o)^  (4) 

The  fit  to  the  experimental  data  is  shown  by  the  solid 
curve.  The  Ga  coverage  reached  a  self-limiting  value  as 
expected.  It  is  difficult  to  determine  [Ga]o.  However,  if 
we  assume  an  estimate  of  0.6  ML  for  the  limiting  Ga 
coverage,  as  guided  by  the  published  experimental  val¬ 
ues,  and  since  the  starting  c{2  x  8)  surface  has  0.25  ML 
Ga  [15],  [Ga]o  will  be  about  0.37  ML  Ga.  We  shall  use 
the  round-off  value  0.4  ML  for  [Ga]o  in  this  paper.  We 
increased  the  sample  temperature  so  that  the  starting 
surface  had  higher  initial  Ga  coverage  (by  the  desorp¬ 
tion  of  As).  As  the  curves  in  Fig.  1  show,  at  425  ""C  the 
initial  coverage-independent  segment  disappeared  and 
the  data  fit  eqn.  (4)  well.  At  475  °C  the  starting  surface 


Fig.  1.  CH3Ga"^  mass  spectrometric  signal  as  a  function  of  changes 
in  Ga  coverage  in  arbitrary  units  during  TMGa  exposure  at  375,  425 


and  475  "C. 


had  even  higher  Ga  coverage  and  the  CH3Ga  desorp¬ 
tion  increased  immediately  with  Ga  coverage.  It  is 
important  to  note  that  the  maximum  value  of  /(Ga)  is 
/(I)  =0.216,  which  is  attained  at  1  ML  Ga  coverage. 
When  [Ga]  exceeds  1  ML,  only  1  ML  Ga  will  con¬ 
tribute  to  the  surface  reaction  and  /(Ga)  stays  at  0.216. 
The  increase  in  surface  area  due  to  Ga  droplets  will  not 
be  discussed  in  this  paper  since  we  have  little  knowledge 
about  the  droplet  formation  process.  We  shall  also 
neglect  the  small  stoichiometry-independent  component 
of  the  CH3Ga  desorption  since  its  effect  is  equivalent  to 
lowering  the  effective  sticking  coefficient  slightly  in  the 
first  order.  The  rate  of  CH3Ga  desorption  is  hence 
given  by 

£[CH3]/(Ga)  (5) 

The  rate  constant  k  was  not  determined  in  our  experi¬ 
ment,  since  experimental  limitations  did  not  permit  us 
to  do  the  necessary  measurements  of  the  Ga  and  CH3 
coverages  in  real  time.  Instead,  ^is  determined  from  the 
growth  data  as  discussed  below. 


3.  The  reaction  model 

The  surface  chemistry  can  be  summarized  qualita¬ 
tively  by  the  following  equations  for  the  surface  cover¬ 
ages  of  Ga  and  CH3  respectively: 
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^  =  /b^o(  1  -  «[CH3])  - MCH3]/(Ga) 
at 

=  3/b.o(1  -  4CH3])  -^CH3]  -MCH3]/(Ga) 
at 

(6) 

We  shall  base  our  model  on  these  equations  with  exper¬ 
imentally  determined  parameters.  Nishizawa  et  al  [1] 
used  a  TMGa  exposure  of  SxlO'^Torr,  which  is 
equivalent  to  a  dosage  rate  of  about  15MLs~^  The 
total  exposure  time  was  4  s.  These  parameters  will  be 
used  in  all  the  calculations  reported  in  this  paper  unless 
stated  otherwise.  The  initial  sticking  coefficient  Sq  is 
linearly  extrapolated  from  the  values  quoted  above.  The 
steric  factor  a  =  4.  The  desorption  constant  k  for  CH3 
is  given  by  eqn.  (3).  The  rate  constant  k  is  to  be 
determined  by  fitting  the  model  to  the  experimental 
growth  data  of  Nishizawa  et  al  [1].  We  shall  make  the 
simplifying  assumptions  that  the  starting  surface  is  As 
terminated,  so  the  initial  Ga  coverage  is  zero,  and  the 
self-limiting  Ga  coverage  at  520  °C  is  exactly  one 
monolayer.  The  calculation  presented  here  is  an  at¬ 
tempt  to  attain  useful  insight  to  the  ALE  process  by  a 
qualitative  examination  of  the  different  factors  in  the 
model. 


4.  Discussion 

4A,  Effect  of  CH^  desorption 
We  first  examine  the  case  without  CH3Ga  desorption 
(^  =  0).  Figure  2,  curve  (a)  shows  the  Ga  coverage  as  a 
function  of  TMGa  exposure  time  for  k  =7.5s“^  and 
=  0.48,  which  were  the  measured  values  at  about 


Fig.  2.  Model  calculation  results  for  (a,  c)  Ga  and  (b)  CH3  coverages 
as  a  function  of  time.  The  TMGa  dosage  rate  isl5MLs“’;/c  and  .Sq 
are  7.5  s^'  and  0.48  respectively;  (a)  and  (b)  are  for  the  case  without 
CH3Ga  desorption  (^=0),  while  (c)  is  with  CH3Ga  desorption 

(/f'=20s'b. 


450  °C.  It  can  be  readily  seen  that  even  though  the  CH3 
coverage  (0.23  ML,  curve  (b))  is  quite  close  to  the  value 
of  0.25  which  is  needed  to  completely  passivate  the 
GaAs  surface,  the  desorption  CH3  always  opens  up  new 
sites  for  the  adsorption  of  TMGa.  This  can  be  seen 
from  eqn.  (6).  The  steady  state  CH3  coverage  [CH3]s  is 
equal  to  -\-k)~^  and  is  always  smaller  than 

oi~\  which  is  the  required  amount  to  passivate  the 
surface  completely.  This  dynamic  state  allows  the  Ga 
coverage  to  steadily  increase  with  time  and  the  Ga 
deposition  is  not  self-limiting.  Hence  the  site  blocking 
by  CH3  alone  is  not  sufficient  to  self-limit  deposition 
under  the  dynamic  situation  at  elevated  temperatures. 

4,2  Effect  of  CH^Ga  desorption 

Self-limiting  Ga  deposition  can  be  achieved  by  intro¬ 
ducing  the  CH3Ga  desorption  channel.  Curve  (c)  in 
Fig.  2  was  calculated  for  the  same  experimental  condi¬ 
tions  but  with  k  =20s"h  Indeed,  the  Ga  coverage  is 
self-limiting  to  about  0.97  ML.  The  mechanism  for  the 
self-limiting  Ga  deposition  is  the  following.  There  is  a 
continual  deposition  of  Ga  on  the  surface  by  the  pyrol¬ 
ysis  of  TMGa  as  discussed  above.  The  rapid  non-linear 
increase  in  the  CH3Ga  desorption  with  Ga  coverage 
provides  a  negative  feedback  by  which  the  Ga  coverage 
is  stabilized  to  a  self-limiting  value.  At  this  coverage  the 
depositing  Ga  flux  is  exactly  balanced  by  the  outgoing 
Ga  flux  through  the  desorption  of  CH3Ga.  Hence  this 
“flux  balance”  model  is  able  to  provide  a  Ga  self-limit¬ 
ing  coverage  under  this  dynamic  state  condition. 

Equation  (6)  allows  us  to  relate  the  steady  state  Ga 
coverage  to  the  values  of  k  and  k.  At  steady  state 
d[Ga]/d^  =d[CH3]/d?  =0.  This  leads  to  the  following 
relation  for  steady  state  Ga  coverage  [GaJ^: 

2=/(Ga)3  =  ([GaL-[Ga]o)^ 

or 

/  T  \l/3 

[GaL^[Ga]o+(^^~j  (7) 

The  dependence  on  the  ratio  between  the  two  rate 
constants  reflects  the  competition  between  the  desorp¬ 
tion  of  CH3  and  the  desorption  of  CH3Ga.  The  des¬ 
orption  of  CH3  of  the  adsorbed  TMGa  on  the  surface 
results  in  the  deposition  of  Ga,  while  the  desorption  of 
CH3Ga  causes  the  removal  of  Ga.  It  is  important  to 
note  that  the  steady  state  coverage,  eqn.  (7),  is  inde¬ 
pendent  of  the  TMGa  flux  /g,  the  initial  sticking  co¬ 
efficient  Sq,  the  steric  factor  a  and  the  total  time  of 
exposure.  This  is  expected  for  the  ideal  ALE  process. 
However,  these  parameters  do  control  the  initial  time 
dependence  of  the  Ga  coverage  and  the  steady  state 
CH3  coverage. 
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Fig.  3.  Comparison  between  experimental  Ga  coverage  data  (•) 
from  ref.  1  and  model  calculations  for  ^  =  (a)  0,  (b)10,  (c)20,  (d)  30 
and  (e)  40  kcal  mol"‘.  The  TMGa  exposure  was  15  ML  for  4  s. 


Fig.  4.  Comparison  between  Ga  coverages  from  model  calculations 
for  TMGa  dosage  times  of  1  s  (dotted  curve),  4  s  (solid  curve)  and 
10  s  (dashed  curve)  with  experiment  data  (•)  from  ref.  1  for  4  s. 


4.3.  Temperature  dependence 

According  to  eqn.  (7),  the  temperature  dependence  is 
determined  by  the  ratio  of  the  two  rate  constants.  The 
temperature  dependence  of  k  is  given  by  eqn.  (2).  We 
estimate  k  by  fitting  the  model  to  the  experimental 
temperature  dependence  observations  of  Nishizawa  et 
al.  [1].  It  is  convenient  to  write  k  in  the  Arrhenius  form 
with  a  temperature-independent  pre-exponential  factor 
A  and  an  activation  energy  The  fact  Jhat  ALE  is 
1  ML  per  cycle  at  520  °C  means  that  kjlk  equals /(I) 
(=0.216)  at  this  temperature.  This  gives  a  relation 
between  A  and  E'a  and  hence  is  the  only  unknown 
parameter. 

Figure  3  is  a  comparison  between  the  experimental 
Ga  coverage  (filled  circles)  as  a  function  of  temperature 
as  reported  by  Nishizawa  et  al.  [1]  and  the  prediction  of 
the  model  (solid  curves)  for  k  with  various  values  of 
E'a-  (a)  0,  (b)  10,  (c)  20,  (d)  30  and  (e)  40kcalmol"h 
The  model  calculation  gives  a  reasonable  qualitative 
agreement  with  the  experiment  with  E'a  lying  between  0 
and  10  kcal  mol" ^  We  shall  let  Ep^  be  10  kcal  mol in 
this  paper  for  our  qualitative  discussion.  Since  E’a  is 
smaller  than  the  activation  energy  of  A:  (45  kcal  mol"* 
in  eqn.  (3)),  kjlk  increases  with  temperature  and  ex¬ 
ceeds  /(I)  at  temperatures  above  520  °C.  [GaJ^  in  eqn. 
(7)  will  exceed  1  ML  and  self-limiting  deposition  is  no 
longer  possible.  The  physical  reason  is  that  the  desorp¬ 
tion  rate  of  CH3Ga  cannot  match  the  desorption  rate  of 
CH3  (hence  the  Ga  deposition  rate).  The  Ga  flux 
balance  condition  cannot  be  maintained.  Gallium  will 
be  deposited  continuously  to  beyond  a  monolayer  and 
Ga  droplets  can  be  formed.  The  Ga  deposition  rate 
increases  with  temperature,  since  the  higher  desorption 
rate  of  CH3  opens  up  more  sites  on  the  surface  for 
reaction  with  TMGa.  Hence  the  model  successfully 


reproduces  the  non-self-limiting  growth  at  tempera¬ 
tures  above  520  °C.  The  model  gives  a  higher  deposi¬ 
tion  rate  than  was  shown  by  the  experiment.  This  may 
be  related  to  the  assumption  of  the  same  sticking 
coefficient  .Jq  and  desorption  rates  k  and  k  for  both  the 
Ga  and  GaAs  surfaces.  The  formation  of  Ga  droplets 
may  also  change  the  effective  surface  area  for  the 
reaction.  The  important  result  is  that  the  model  pre¬ 
dicts  an  ALE  process  with  temperature-dependent  self- 
limiting  Ga  coverages  and  the  failure  of  the  ALE 
process  at  temperatures  above  a  critical  temperature, 
all  in  good  qualitative  agreement  with  experimental 
observations. 

It  is  interesting  to  observe  that  there  is  an  obvious 
drop  in  Ga  coverage  at  temperatures  below  420  °C  in 
Fig.  3.  More  careful  examination  of  the  model  shows 
that  below  this  temperature  the  reaction  is  so  slow  that 
the  Ga  deposition  is  limited  by  the  TMGa  dosage  time 
and  fails  to  reach  the  self-limiting  coverage.  This  is 
hence  no  longer  a  true  ALE  process.  The  “ALE” 
region  is  from  420  to  520  °C  only.  The  effect  of  the 
TMGa  dosage  time  on  the  width  of  the  “ALE”  region 
is  illustrated  in  Fig.  4.  The  model  calculations  are 
shown  for  dosage  times  of  1  s  (dotted  curve),  4  s  (solid 
curve)  and  10  s  (dashed  curve)  and  are  compared  with 
the  experimental  data  for  4  s  dosage  time.  The  low 
temperature  limit  of  the  “ALE”  region  is  extended 
from  450  °C  for  1  s  to  420  for  4  s  and  390  °C  for 
10  s. 


5.  Conclusions 

A  simple  model  for  the  ALE  of  GaAs  which  is  based 
on  the  observations  of  TMGa  surface  chemistry  is 
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developed  to  explain  the  selfdimiting  Ga  deposition. 
The  model  includes  two  important  factors:  the  blocking 
of  adsorption  sites  by  the  adsorbed  CH3  and  the  sensi¬ 
tivity  of  the  surface  chemistry  to  the  Ga:As  stoichio¬ 
metric  ratio  of  the  GaAs  surface  during  growth.  The 
model  successfully  reproduces  several  important  fea¬ 
tures.  It  shows  that  the  self-limiting  Ga  deposition  is 
temperature  dependent  and  is  not  necessarily  at  1  ML. 
Its  value  is  independent  of  TMGa  exposure  time  pro¬ 
vided  that  the  TMGa  exposure  is  enough  to  reaeh  the 
self-limiting  state.  It  also  shows  that  the  self-limiting  Ga 
deposition  will  fail  at  temperatures  above  a  critical 
value.  This  simple  model  can  form  the  basis  of  a  more 
complete  model  where  gas  phase  phenomena  can  be 
incorporated. 
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Abstract 

An  in  situ  real-time  study  of  surface  reactions  in  atomic  layer  epitaxy  (ALE)  of  GaAs  using  trimethylgallium 
(TMGa)  by  reflectance  difference  spectroscopy  (RDS)  and  sampled  beam  mass  spectroscopy  is  reported.  These 
studies  reveal  several  phases  in  atomic  layer  epitaxy  of  GaAs  and  the  self-limiting  atomic  layer  deposition  of 
epilayers  using  TMGa.  The  results  also  lend  further  support  to  a  proposed  reaction  kinetics  model  from  a  recent 
RD  investigation.  The  self-limiting  mechanism  which  occurs  during  TMGa  exposure  cycles  is  believed  to  result 
from  both  selective  adsorption  and  reaction  of  TMGa  at  As  atoms  and  Ga-vacancy-induced  Ga-rich  surface 
reconstructions.  It  is  also  shown  that  strategies  for  optimal  ALE  growth  of  GaAs  can  be  obtained  through  RD 
monitoring. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  of  III~V  compound 
semiconductors  using  organometallic  precursors  holds 
great  promise  for  crystal  growth  of  layers  with  uniform 
thickness  and  control  at  the  atomic  level  [1,  2].  ALE  is 
a  process  which  proceeds  by  separately  exposing  the 
semiconductor  surface  to  group  III  and  V  reactants. 
Conditions  are  chosen  which  result  in  the  formation  of 
a  single  monolayer  of  adsorbate  containing  each  ele¬ 
ment  during  the  alternate  exposures.  By  careful  choice 
of  the  reactants,  reaction  pathways  can  be  found  that 
result  in  the  formation  of  the  desired  compound  via 
surface  reactions.  In  this  way  saturated  surface  reac¬ 
tions  are  utilized  to  deposit  exactly  one  monolayer  of 
the  compound  over  the  entire  surface  on  each  cycle  of 
exposures.  This  results  in  a  conformal  monolayer- 
by-monolayer  epitaxial  growth  habit. 

In  this  paper  we  present  results  of  studies  of  surface 
reactions  in  atomic  layer  epitaxy  of  GaAs  using 
trimethylgallium  (TMGa)  as  gallium  source.  To  meet 
this  goal,  in  situ  real-time  analyses  by  reflectance  differ¬ 
ence  spectroscopy  (RDS)  and  sampled  beam  mass  spec¬ 
troscopy  are  carried  out  such  that  complementary 
surface  structural  and  chemical  information  is  obtained. 
A  kinetics  model  is  established  to  address  the  surface 
reactions  during  TMGa  exposure  on  GaAs(OOl)  sur¬ 
faces  and  the  resultant  self-limiting  mechanism.  It  is 
also  shown  that  the  optimal  growth  conditions  in  ALE 
of  GaAs  can  be  achieved  through  in  situ  real-time  RDS 
monitoring. 


2.  Experiments 

All  experiments  were  performed  in  an  ultrahigh  vac¬ 
uum  (UHV)  system  consisting  of  an  analysis  chamber 
and  a  reaction  chamber  as  shown  in  Fig.  1.  The  analy¬ 
sis  chamber  is  a  modifled  PHI  5100  system  equipped 
with  X-ray  photoelectron  spectroscopy  (XPS).  The  re¬ 
action  chamber  provides  for  exposure  to  TMGa  and 
tertiarybutylarsine  (TBAs)  through  UHV  leak  valves. 
The  RDS  set-up  is  similar  to  that  described  by  Aspnes 
et  al  [3]  but  is  simplified  through  the  use  of  a  single¬ 
wavelength  He-Ne  laser  (632.8  nm  or  1.96  eV)  as  light 
source  [4,  5].  Aspnes  et  al  have  shown  that  at  this 
energy  (1.96eV)  the  major  contribution  to  the  RD 
signal  from  a  GaAs(OOl)  surface  is  due  to  the  presence 
of  Ga~Ga  dimers  [6].  The  RD  signal  at  1.96  eV  thus 
acts  as  an  indicator  of  the  surface  Ga-Ga  dimer  popu- 

XPS  (ESCA) 


Fig.  1.  Schematic  diagram  of  UHV  system  used  to  study  surface 
reactions  of  organometallics  on  III-V  semiconductors. 
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lation  and  allows  us  to  follow  the  formation  and  anni¬ 
hilation  of  surface  Ga-Ga  dimers.  The  differently 
pumped  quadrupole  mass  spectrometer  (QMS)  is  sur¬ 
rounded  by  a  shroud  cooled  by  liquid  nitrogen  and  is  in 
line-of-sight  of  the  GaAs  substrate  to  monitor  the 
reflected  reactant  and  desorbed  byproducts.  Through¬ 
out  the  experiment  we  use  22  eV,  0.84  mA  electron 
emission  for  the  ionizer  of  the  QMS  to  minimize  crack¬ 
ing  of  the  molecules.  Reflection  high  energy  electron 
diffraction  (RHEED)  is  used  to  characterize  the  surface 
structures. 


3.  Results 

Clean  2x4As-rich  (001)  GaAs  substrates  are  ini¬ 
tially  prepared  for  TMGa  exposures.  Figure  2  shows 
the  transient  behavior  of  ARjR  (AR  =  R^^q  —  i?no)  and 
of  chemical  species  with  a.m.u.  99,  15  and  84  for  a 
4  s  TMGa  ^  exposure  at  a  substrate  temperature  of 
500  °C  and  a  TMGa  exposure  level  of  2.6  x  lO'^Torr. 
The  broken  line  on  the  left  marks  the  turn-on  of  TMGa 
flow  on  the  substrate  and  the  dotted  line  on  the  right 
marks  the  turn-off  of  TMGa  injection.  The  RD  signal 
starts  to  rise  after  the  TMGa  flow  is  initiated.  The  RD 
signal  continues  to  increase  even  though  the  TMGa 


Fig.  2.  Transient  QMS  response  of  a.m.u.  99,  15  and  84  and  RD 
transient  on  initiation  of  TMGa  exposure  at  a  substrate  temperature 
of  500  and  a  TMGa  flux  of  2.6  x  10”^  Torr. 


flow  is  terminated  at  the  end  of  4  s,  until  a  final 
saturation  level  is  reached.  A  RHEED  4x6  pattern 
characteristic  of  a  Ga-rich  surface  is  obtained.  The  gas 
species  with  a.m.u,  99  represents  the  molecular  TMGa 
reflecting  from  the  surface.  The  sharp  rise  and  fall-off 
characteristics  show  rapid  on-off  switching  of  our  gas 
manifold.  Methyl  radicals  (CH3)  and  monomethylgal- 
lium  (GaCH3)  are  detected  at  a.m.u.  15  and  84  respec¬ 
tively.  In  a  separate  experiment  we  have  found  that 
the  contributions  of  CH3  and  GaCH3  from  molecular 
TMGa  cracked  by  the  ionizer  are  insignificant  compared 
with  what  we  observe  here.  They  are  in  fact  the  surface 
reaction  byproducts  desorbing  from  the  substrate.  The 
signal  of  methyl  radicals  shows  an  initial  rise  and  then 
a  gradual  decrease.  After  the  TMGa  supply  is  turned  off, 
methyl  radicals  decay  to  the  background  level  with  an 
exponential  tail.  GaCH3  behaves  differently  from  CH3, 
with  a  small  initial  rise  but  then  a  gradual  increase. 

To  inspect  in  more  detail  the  evolution  of  the  des¬ 
orbing  CH3  and  GaCHg  with  respect  to  the  surface 
stoichiometry,  we  perform  the  following  experiment. 
Five  consecutive  1  s  TMGa  exposures  are  applied  to  the 
initial  As-rich  surface  with  a  10  s  break  between  each 
exposure.  The  transient  signals  of  ARjR,  CH3  and 
GaCH3  are  shown  in  Fig.  3.  The  broken  lines  mark  the 


Fig.  3.  QMS  response  of  a.m.u.  15  and  84  and  RD  transient  at 
500  °C  and  a  TMGa  exposure  level  of  2.6  x  10"^  Torr.  Five  consecu¬ 
tive  1  s  TMGa  exposures  are  applied  to  the  initial  As-rich  surface 
with  a  10  s  break  between  each  exposure.  The  broken  lines  mark  each 
turn-on  of  TMGa  exposure. 
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turn-on  of  each  TMGa  exposure.  The  RD  signal  in¬ 
creases  with  each  TMGa  exposure  until  the  end  of  the 
third  exposure.  At  the  fourth  and  fifth  TMGa  expo¬ 
sures  the  RD  signal  falls  off  on  turn-on  of  the  TMGa 
flow  and  then  rises  back  to  the  previous  level  after  the 
TMGa  flow  is  terminated.  This  resembles  the  behavior 
of  Ga-rich  surfaces  exposed  to  TMGa  [4,  5].  In  the 
meantime  we  notice  both  decreased  CH3  and  increased 
GaCH3  desorption  with  each  TMGa  exposure  until  the 
end  of  the  third  exposure,  after  which  they  saturate. 


4.  Discussion 

A  huge  peak  of  CH3  and  a  small  peak  of  GaCH3  on 
TMGa  injection  on  the  GaAs(OOl)  surface  are  observed 
as  shown  in  Fig.  2.  A  recent  study  by  Memmert  and  Yu 
[7]  shows  that  TMGa  reacts  with  surface  arsenic  atoms 
and  dissociates  into  GaCH3,  releasing  two  CH3  radicals 
on  the  surface.  These  methyl  radicals  desorb  in  two 
channels:  one  for  the  desorption  of  CH3  from  GaCH3, 
the  other  for  the  desorption  of  CH3  from  the 
GaAs(OOl)  surface.  Desorption  of  CH3  from  the  ad¬ 
sorbed  GaGH3,  as  described  previously  [4,  5],  results  in 
the  formation  of  gallium  atoms,  which  tend  to  form 
Ga-Ga  dimer  bonds  as  judged  by  the  increasing  RD 
signal.  On  the  other  hand,  the  two  released  CH3  radi¬ 
cals  associated  with  TMGa  dissociation  could  be  at¬ 
tached  to  either  surface  As  or  Ga  atoms  [7,  8]. 
Attachment  of  CH3  radicals  to  nearby  arsenic  atoms 
hinders  further  reactions  between  these  arsenic  atoms 
and  impinging  TMGa  molecules  temporarily.  Not  until 
the  desorption  of  CH3  radicals  from  arsenic  atoms  will 
these  arsenic  atoms  become  active  again  toward  TMGa 
dissociation.  There  exists  the  possibility  for  CH3  radi¬ 
cals  to  be  attached  to  the  newly  formed  gallium  dimers 
to  form  a  pair  of  GaCH3,  which  requires  that  gallium 
dimer  bonds  be  broken.  Recovery  of  Ga-Ga  dimers  is 
anticipated  once  CH3  radicals  desorb  from  gallium 
atoms.  Nevertheless,  reactions  involving  broken  gallium 
dimer  bonds  would  introduce  a  decrease  in  the  signal 
level  of  RD,  which  is  only  sensitive  to  the  existence  of 
Ga-Ga  dimer  bonds. 

When  2x4  As-rich  surfaces  are  exposed  to  TMGa 
molecules,  these  reactions  proceed  simultaneously.  In 
the  initial  stage  the  formation  of  gallium  dimers  results 
in  a  steady  increase  in  the  RD  signal.  However,  the  RD 
signal  level  only  reflects  the  number  of  gallium  atoms 
possessing  dimer-bonding  configurations.  Those  de¬ 
posited  gallium  atoms  which  are  attacked  by  CH3  can¬ 
not  be  detected  by  RD.  When  the  TMGa  flow  is 
terminated,  those  CH3  radicals  which  are  bonded  to 
galium  atoms  desorb  and  Ga-Ga  dimers  appear  on  the 
surface.  The  RD  signal  therefore  continues  to  increase 
with  the  desorption  of  residual  CH3  until  all  Ga-Ga 


•  Ga  (3rd  layer) 
■  As  (2nd  layer) 
^  Ga  (top  layer) 


A.  CH3 


Ga(CH3)3 


[110] 

- ^[1T0] 


Fig.  4.  Schematic  diagram  illustrating  reaction  pathways  during  ini¬ 
tial  TMGa  exposure  on  (001)  GaAs  As-rich  surfaces. 


dimers  are  recovered.  This  is  evidenced  by  the  good 
correspondence  between  the  CH3  decay  tail  and  Ga- 
Ga  dimer  recovery  as  shown  in  Fig.  2.  A  schematic 
diagram  illustrating  the  reaction  pathways  mentioned 
above  is  shown  in  Fig.  4. 

In  the  meantime,  as  depicted  in  Fig.  2,  we  observe 
decreasing  CH3  and  increasing  GaCH3  desorption  as 
the  RD  signal  increases.  It  is  our  contention  that  as  the 
surface  is  increasingly  filled  with  gallium  atoms,  other 
reaction  pathways  start  to  have  dominant  roles.  It  is 
well  known  that  a  Ga-rich  GaAs(OOl)  surface  is  not 
terminated  with  a  complete  atomic  layer  of  gallium 
dimers  but  instead  contains  a  number  of  gallium  vacan¬ 
cies  that  expose  underlying  arsenic  atoms  to  vacuum  [9, 
10].  Such  exposed  arsenic  atoms  are  active  toward 
TMGa  decomposition  to  form  GaCH3  with  the  release 
of  two  CH3  radicals.  Instead  of  leaving  Ga  atoms 
behind  on  the  surface  with  desorption  of  CH3  as  in  the 
early  adsorption  stage,  GaCH3  tends  to  desorb  from 
the  energetically  unfavorable  Ga  vacancy  site  in  order 
to  maintain  a  stable  electronic  state  with  a  minimum 
free  energy  [11].  This  would  result  in  both  increasing 
GaCHg  and  decreasing  CH3  desorption.  Our  observa¬ 
tion  is  consistent  with  that  by  Yu  aL,  who  noticed  an 
additional  channel  of  desorption  for  GaCH3  when  the 
TMGa  flux  and/or  exposure  are  increased  [12].  The 
experiment  shown  in  Fig.  3  provides  more  support  for 
this  argument.  Following  each  TMGa  exposure,  when 
the  initial  As-rich  surface  is  gradually  filled  with  Ga 
atoms  as  indicated  by  the  increased  RD  signal,  both 
increased  GaCH3  and  decreased  CH3  desorption  are 
observed  until  the  end  of  the  third  TMGa  exposure.  A 
Ga-rich  surface  is  obtained  at  this  stage.  Such  Ga-rich 
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Fig.  5.  Schematic  diagram  illustrating  reaction  pathways  during 
TMGa  exposure  on  (001)  GaAs  Ga-rich  surfaces. 


surfaces  are  reactive  toward  TMGa  dissociation  with  a 
fixed  number  of  exposed  arsenic  atoms.  Desorption  of 
GaCH3  and  CH3,  therefore  saturates  on  further  TMGa 
exposure  on  Ga-rich  surfaces.  It  is  this  Ga-vacancy- 
induced  surface  reconstruction  and  selective  TMGa 
reaction  on  exposed  arsenic  atoms  that  cause  the  self- 
limiting  mechanism  in  TMGa-based  ALE  of  GaAs.  A 
schematic  diagram  illustrating  the  reaction  pathways  on 
Ga-rich  surfaces  is  shown  in  Fig.  5. 

Since  we  understand  the  RD  transient  behavior,  we 
can  apply  RD  as  an  in  situ  real-time  technique  to 
optimize  growth  conditions  in  ALE.  Shown  in  Fig.  6  is 
one  example  of  an  RD  transient  at  a  substrate  temper¬ 
ature  of  500  °C  and  a  TMGa  flux  of  1.2  x  lO^^Torr. 
On  TMGa  injection  the  RD  signal  increases  steadily, 
then  starts  to  slow  down  around  1.5  s  and  eventually  a 
kink  shows  up.  We  have  observed  similar  behavior 
before  and  interpreted  it  as  resulting  from  an  overdose 
of  TMGa,  i.e.  the  supplied  TMGa  is  more  than  what  is 
needed  to  deposit  one  atomic  layer  of  gallium  [4,  5].  We 
notice  that  the  time  for  the  RD  signal  to  slow  down 
coincides  with  the  occurrence  of  saturated  CH3  and 
GaCH3  desorption,  an  indication  that  a  Ga-rich  surface 
is  obtained  already.  Additional  TMGa  impingement 
beyond  this  point  brings  about  more  undesired  CH3 
radicals  on  the  surface.  Using  RD,  we  can  therefore 
determine  the  optimal  exposure  time  for  a  certain 
TMGa  exposure  level  and  the  purge  time  before  intro¬ 
ducing  the  arsenic  source.  Currently  we  are  employing 
RD  in  a  high  vacuum  reactor  to  optimize  ALE  growth. 


Fig.  6.  Transient  QMS  response  of  a.m.u.  15  and  84  and  RD 
transient  on  initiation  of  TMGa  exposure  at  a  substrate  temperature 
of  500  °C  and  a  TMGa  flux  of  1.2  x  10"^Torr.  The  broken  line 
marks  the  turn-on  of  TMGa  exposure. 


5.  Conclusions 

In  situ  real-time  RD  and  mass  spectroscopy  are 
applied  to  study  surface  reactions  of  TMGa  on 
GaAs(OOl).  Different  reaction  pathways  occur  depend¬ 
ing  on  the  surface  stoichiometry.  A  kinetics  model 
based  on  our  study  is  established  to  account  for  various 
phases  during  TMGa  exposure.  The  self-limiting  atomic 
layer  deposition  of  gallium  atoms  occurs  because  of 
both  selective  adsorption  and  reaction  of  TMGa  at  As 
atoms  and  Ga-vacancy-induced  Ga-rich  surface  recon¬ 
structions.  The  application  of  RDs  to  in  situ  real-time 
control  growth  in  ALE  is  also  discussed. 
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Abstract 

We  discuss  the  chemical  and  kinetic  aspects  of  GaAs  atomic  layer  epitaxy  (ALE).  Explanations  of  the  stoichiometry 
problems  of  GaAs  ALE  are  proposed.  We  review  the  proposed  ALE  mechanisms  that  deal  with  trimethylgallium 
exposure.  Results  conclusively  invalidate  the  selective  adsorption  ALE  mechanism.  Kinetic  results  indicate  that  the 
GaAs  surface  is  covered  with  CH3  groups  during  typical  ALE  conditions,  as  proposed  by  the  adsorbate  inhibition 
mechanism.  Measurements  of  excess  gallium  deposition  at  typical  ALE  partial  pressures  are  in  good  agreement  with 
predictions  of  a  unimolecular  reaction  mechanism  using  kinetic  parameters  determined  by  surface  science  tech¬ 
niques.  Two  simple  ALE  kinetic  models  based  on  unimolecular  surface  reaction  mechanisms  are  constructed  and  the 
predictions  are  in  good  agreement  with  atmospheric  pressure  ALE  results.  The  possible  role  of  the  flux  balance 
mechanism  is  discussed. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  [1-11]  has  generated 
considerable  interest  for  depositing  compound  semicon¬ 
ductors  with  precise  thickness  control  and  superb  thick¬ 
ness  uniformity.  Ideally,  ALE  achieves  monolayer  scale 
growth  control  through  alternation  of  the  group  V  and 
group  III  precursors,  with  each  step  exhibiting  self- 
limiting  deposition,  i.e.  deposition  ceases  at  1  ML 
(1  ML  =  6.26  X  10^"^  atoms  cm”^),  so  the  overall  growth 
per  cycle  {G^  is  1  ML.  However,  the  utility  of  GaAs 
ALE  has  been  limited  owing  to  its  relatively  narrow 
operating  window  and  also  to  the  high  unintentional 
carbon  doping  levels  that  are  typically  produced.  The 
reported  size  of  the  operating  window  and  the  condi¬ 
tions  for  producing  ALE  behavior  vary  considerably 
between  laboratories  [2-9].  The  three  independent 
variables  to  which  ideal  ALE  exhibits  insensitivity  are 
precursor  pressure  (or  flux),  exposure  time  and  temper¬ 
ature.  Most  results  demonstrate  good  ALE  behavior 
(Gc  1  ML)  with  respect  to  precursor  pressure,  but 
with  a  few  exceptions  the  time  and  temperature  depen¬ 
dences  of  Gc  are  less  than  ideal.  The  narrow  operating 
window  is  generally  believed  to  be  due  to  loss  of 
self-limiting  deposition  during  the  gallium  cycle.  At 
high  temperatures  and/or  large  trimethylgallium 
(TMGa)  exposures  excess  gallium  is  deposited,  which 
leads  to  non-ideal  ALE  (G^  >  1  ML).  Gas  phase  TMGa 
pyrolysis  is  often  thought  to  be  the  main  source  of 
excess  gallium  deposition  [5,  8,  9,  12].  However,  the  low 
pressure  ALE  results  of  Nishizawa  et  al.  [2,  3]  clearly 
show  that  a  heterogeneous  (surface)  pathway  for  excess 
gallium  deposition  exists.  The  relative  importance  of 
the  heterogeneous  chemistry  vs.  the  homogeneous 


chemistry  for  excess  gallium  deposition  is  still  the  sub¬ 
ject  of  debate. 

In  this  paper  we  review  the  proposed  mechanisms  for 
GaAs  ALE  [1-5,  8,  9,  11-24]  that  deal  with  the 
gallium  cycle.  We  demonstrate  via  kinetic  arguments 
that  the  GaAs  surface  is  covered  with  CH3  groups 
during  typical  ALE  conditions  and  that  measurements 
of  excess  gallium  deposition  are  in  good  agreement  with 
the  heterogeneous  TMGa  reaction  rate.  We  discuss  the 
TMGa  surface  reaction  kinetics  in  some  detail.  Two 
simple  ALE  kinetic  models  based  on  unimolecular  sur¬ 
face  reaction  mechanisms  are  also  introduced.  We  first 
briefly  discuss  the  stoichiometric  issues  of  ALE  for  both 
the  arsenic  and  gallium  cycles. 


2.  Experimental  details 

Most  of  the  relevant  experimental  details  have  been 
published  previously  [16].  All  the  results  discussed  are 
for  GaAs(lOO)  surfaces.  Briefly,  experiments  were  per¬ 
formed  in  a  three-level  ultrahigh  vacuum  (UHV)  cham¬ 
ber  equipped  with  a  number  of  surface  diagnostics.  The 
upper  level  can  be  isolated  by  a  gate  valve  and  used  for 
“high”  pressure  exposures.  This  feature  was  valuable 
for  creating  the  As-rich  surfaces.  The  lower  two  levels 
are  equipped  with  Auger  spectroscopy,  low  energy  elec¬ 
tron  diffraction  (LEED)  and  a  differentially  pumped 
quadrupole  mass  spectrometer  (QMS)  for  temperature- 
programmed  desorption  (TPD)  and  molecular  beam 
experiments.  The  heating  rate  used  for  TPD  was  typi¬ 
cally  5  K  s”k  An  effusive  molecular  beam  is  designed  to 
impinge  on  the  GaAs  surface  while  desorbed  reactant 
and  products  are  monitored  line-of-sight  by  the  QMS. 
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This  arrangement  was  used  to  study  the  temperature  and 
flux  dependence  of  the  TMGa  reaction  rate  on  GaAs. 

A  vacuum  microbalance  was  used  to  measure  gallium 
deposition  on  GaAs(lOO)  from  TMGa  exposures  in  the 
millitorr  pressure  range.  The  GaAs  sample  was  heated 
radiatively  and  the  temperature  was  measured  with  an 
optical  pyrometer.  A  more  detailed  description  is  to  be 
published  [25]. 


3.  Surface  stoichiometry  of  GaAs  ALE 

Most  discussions  of  ALE  mechanisms  deal  with  ki¬ 
netic  issues,  while  the  questions  regarding  surface  stoi¬ 
chiometry  have  often  been  overlooked.  None  of  the 
known  adsorbate-free  GaAs(lOO)  surface  reconstruc¬ 
tions  are  terminated  with  1  ML  coverage  of  Ga  or  As 
[26-32]  (most  have  less  than  1  ML  coverage).  It  is  then 
very  puzzling  how  ideal  ALE  =  1  ML)  is  achieved. 
We  have  shown  that  methyl  groups  stabilize  a  higher 
gallium  coverage  [16]  than  the  6)”  gallium-rich 

GaAs(lOO)  contains  (the  (4  x  6)  surface  is  terminated 
with  about  0.75  ML  Ga).  We  speculate  that  the  Ga 
coverage  on  a  CH3-terminated  surface  is  actually  1  ML, 
which  would  resolve  the  stoichiometry  issue  for  the 
gallium  cycle.  However,  the  As-rich  c(2  x  8)/(2  x  4) 
surface  is  still  terminated  with  only  0.75  ML  As  [27,  31, 
32].  Hydrogen  desorption  occurs  at  too  low  a  tempera¬ 
ture  to  stabilize  a  surface  with  about  1  ML  As  [24,  33]. 
Recent  work  has  shown  that  arsine  exposures  typically 
used  during  ALE  (with  the  exception  of  Nishizawa  et 
^3f/.’s  work)  [24,  34,  35]  will  actually  create  a  c(4  x  4) 
“super”  As-rich  surface  with  an  As  coverage  as  high  as 
1.75  ML  [32].  Temperature-programmed  desorption  re¬ 
sults  [34]  indicate  that  the  surface  residence  time  for 
much  of  this  extra  As  is  short  (less  than  2  s)  at  typical 
ALE  temperatures  (450-500  ^C),  so  a  large  fraction 
will  desorb  during  the  purge  after  the  arsine  cycle. 
However,  about  1  ML  of  the  As  is  in  higher  binding 
energy  sites  and  would  survive  a  typical  purge  cycle  (see 
ref.  34  for  a  more  detailed  discussion).  This  provides  a 
likely  explanation  of  the  stoichiometry  issue  of  the 
arsenic  cycle.  The  low  pressure  ALE  results  of 
Nishizawa  et  al  [2,  3],  where  tended  to  saturate  at 
0.8-0.9  ML,  can  also  be  reconciled  by  these  results. 
Their  arsine  exposures  were  too  low  to  generate  arsenic 
coverages  of  1  ML  or  more. 


4.  The  selection  adsorption  mechanism  of  ALE 

The  selective  adsorption  mechanism  of  GaAs  ALE 
assumes  that  TMGa  adsorbs  and  reacts  on  the  arsenic- 
terminated  but  not  on  the  gallium-terminated  surface. 
The  selective  adsorption  mechanism  is  appealing,  since 


one  would  expect  TMGa  to  selectively  chemisorb  on 
arsenic  sites  via  a  Lewis  acid-base  (donor- acceptor) 
interaction  and  there  would  be  no  arsenic  sites  on  an 
ideally  terminated  (1  ML)  gallium-rich  surface.  This 
mechanism  is  often  used  to  explain  ALE  results  [8,  9, 
12-14,  17].  However,  there  is  no  evidence  that  an 
adsorbate-free,  ideally  terminated  gallium-rich  surface 
exists.  All  theoretical  [26,  27]  and  experimental  [28-32] 
evidence  indicates  that  gallium-rich  surfaces  have  a 
significant  number  of  gallium  vacancies.  The  vacancies 
expose  arsenic  atoms  in  the  second  layer  which  could 
serve  as  sites  for  TMGa  chemisorption.  In  fact,  there 
are  many  experimental  results  demonstrating  that 
TMGa  chemisorbs  and  irreversibly  decomposes  on  gal¬ 
lium-rich  surfaces  [15,  16,  20,  22]  at  a  surprisingly  high 
rate.  Molecular-beam-scattering  results  [21,  24]  demon¬ 
strate  that  TMGa  reacts  with  the  adsorbate-free  Ga- 
rich  GaAs(lOO)  surface  with  a  reactive  sticking 
probability  of  about  0.5  at  typical  ALE  temperatures. 
This  result  shows  that  ALE  cannot  arise  from  differ¬ 
ences  in  the  TMGa  adsorption  rates  on  adsorbate-free 
As-rich  and  Ga-rich  surfaces. 

There  are  a  number  of  results  used  to  support  the 
selective  adsorption  mechanism  that  we  believe  are 
either  inconclusive  or  misinterpreted.  The  pitfalls  of 
these  experiments  and  their  interpretation  were  outlined 
in  a  previous  paper  [24]. 


5.  The  adsorbate  inhibition  mechanism  of  ALE 

The  key  assumption  of  the  adsorbate  inhibition  mech¬ 
anism  (also  known  as  the  site-blocking  mechanism) 
of  ALE  is  that  TMGa  converts  the  arsenic-terminated 
surface  to  a  gallium-terminated  surface  covered  with 
adsorbates,  e,g.  methyl  groups.  At  this  stage  the  reaction 
rate  is  inhibited  by  the  presence  of  the  adsorbates,  which 
block  access  to  the  active  surface  sites.  Most  of  the 
previous  measurements  of  the  methyl  group  desorption 
rate  from  the  Ga-rich  surface  indicate  that  it  is  on 
the  order  of  1  s“^  at  450  °C  (see  Fig.  1).  For  a  more 
complete  discussion  of  the  CH3  desorption  rate  constant 
measurements,  see  ref.  24.  The  effect  of  this  desorption 
rate  on  the  surface  CH3  coverage  can  be  seen  by  simply 
comparing  the  magnitude  of  the  adsorption  and  desorp¬ 
tion  rates.  Since  the  TMGa  flux  to  the  surface  is  many 
orders  of  magnitude  (typically  10^—10^  times)  higher 
than  the  desorption  rate  constant  and  the  initial  sticking 
coefficient  of  TMGa  is  large  (about  0.5),  the  surface  will 
be  saturated  with  methyl  groups.  This  can  be  described 
analytically  by  examining  the  simple  unimolecular  sur¬ 
face  reaction  mechanism  below. 

TMGa  adsorption: 

TMGa(g) - >  3CH3(a)  +Ga(a)  (1) 
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Fig.  1.  CH3  desorption  rate  constants  measured  on  the  Ga-rich  and 
(2x4)  As-rich  GaAs(lOO)  surfaces.  Solid  points  are  from  direct 
measurements  of  Ga  deposition  rate  (see  text). 


Methyl  radical  desorption: 

CHjCa) - >  CHaCg)  (2) 

Rate  equation  for  CH3(a): 

(3) 

at 

where  s°  is  the  TMGa  initial  sticking  coefficient,  Fy  is 
the  TMGa  flux,  is  the  CH3  saturation  coverage 

(molecules  cm“^),  is  the  CH3  fractional  coverage 

and  is  the  CH3  desorption  rate  constant. 


Steady  state  solution  of 


3s°FjIN^ 

'  3s°FrlN^  +  k^ 

Rate  of  TMGa  consumption  (molecules  cm"^  s“'): 


Rr  =  ^k^0^N^ 


s°Frka 

3s°FtIN^  +  kj 


(5) 


This  mechanism  assumes  that  at  ALE  temperatures 
TMGa  rapidly  dissociates  into  three  equivalent  CH3(a) 
groups  and  that  desorption  of  TMGa  can  be  neglected. 
Both  these  assumptions  are  supported  by  surface  sci¬ 
ence  experiments  described  in  previous  publications  [15, 
16,  36].  First-order  Langmuir  adsorption  whereby  CH3 
groups  block  sites  is  also  assumed,  Le.  the  TMGa 
adsorption  rate  is  proportional  to  the  empty  site  frac¬ 
tion  1  -  6^,  Note  that  the  solution  for  6^  (eqn.  (4)) 
approaches  unity  asymptotically  when  > /ca- 

Thus  the  surface  CH3  coverage  is  saturated  whenever 
the  TMGa  flux  is  large  compared  with  the  CH3  desorp¬ 
tion  rate  constant. 


Despite  its  simplicity,  this  unimolecular  surface  reac¬ 
tion  mechanism  does  a  good  job  at  describing  the 
TMGa  reaction  on  the  Ga-rich  surface  between  300 
and  525  °C  at  low  fluxes  (10"^"10"^  Torr)  [24].  The 
CH3  desorption  rate  constant  (F^  =  44.1  kcal  moL^ 
V  — lO^^s”^)  was  independently  determined  by  TPD 
[15,  16]  and  5®  was  measured  Erectly  to  be  0.51  [24]. 
The  saturation  coverage  of  CH3  groups  was  also  inde¬ 
pendently  measured  by  a  calibrated  molecular  beam 
technique  and  found  to  be  about  0.3  ML  [37].  (We 
have  found  that  previous  CH3  coverage  determinations 
[16]  were  too  large  by  a  factor  of  about  2-3.)  There  are 
a  number  of  details  in  eqns.  (4)  and  (5)  which  are  not 
precisely  correct  (i.e.  CH3  does  not  exactly  obey  ideal 
first-order  desorption  kinetics  [16]),  but  the  simple 
model  described  above  is  reasonably  accurate  over  the 
temperature  range  of  interest  for  ALE  [24]. 

The  temperature  and  TMGa  flux  dependence  of  the 
reaction  rate  predicted  by  this  model  (eqn.  (5))  using 
the  parameters  mentioned  is  displayed  in  Fig.  2  (for 
simplicity  we  have  assumed  the  gas  temperature  is  fixed 
at  300  K).  At  low  TMGa  pressures  and/or  high  temper¬ 
atures  the  reaction  rate  is  limited  by  the  TMGa  flux 
(actually  and  exhibits  no  temperature  depen¬ 

dence.  Note  that  as  the  TMGa  flux  (or  pressure)  in¬ 
creases,  the  reaction  rate  approaches  the  limit  set  by  the 
desorption  rate  constant  (actually  Any  further 

increase  in  flux  does  not  significantly  increase  the  reac¬ 
tion  rate;  in  effect  the  reaction  becomes  zero  order  in 
TMGa  pressure.  We  refer  to  this  as  the  “high  flux 
limit”  of  the  reaction  kinetics.  For  these  conditions  the 
surface  is  also  saturated  with  CH3  groups  and  the 
reaction  can  be  described  as  “adsorbate  inhibited”  from 
the  standpoint  that  the  TMGa  adsorption  rate  is  much 
lower  than  it  would  be  on  the  clean  surface.  Note  also 
that  this  condition  is  met  at  very  low  pressures 
(P  ^  10"^  Torr)  at  typical  ALE  temperatures  (450- 
500  °C)  and  that  CH3  saturation  exists  at  temperatures 
as  high  as  600  °C  for  TMGa  pressures  in  the  millitorr 
range.  This  result  clearly  shows  that  the  condition 
proposed  for  adsorbate  inhibition  is  met  for  typical 
ALE  pressures  and  temperatures.  However,  the  reac¬ 
tion  of  TMGa  on  the  Ga-rich  surface  still  proceeds  at  a 
finite  rate  =  so  the  adsorbate  inhibition 

mechanism  alone  cannot  explain  the  ALE  behavior. 

Another  independent  verification  of  this  kinetic 
model  was  made  by  comparing  the  model  predictions 
with  gallium  droplet  growth  rate  measurements  on  the 
Ga-rich  surface.  Preliminary  experiments  were  per¬ 
formed  in  a  vacuum  microbalance  system  using  a  radia- 
tively  heated  GaAs(lOO)  wafer  [25].  TMGa  partial 
pressures  used  were  2-4  mTorr  with  total  pressures  of 
2-15  mTorr,  the  balance  being  H2  which  was  added  in 
some  experiments.  The  low  pressures  and  temperatures 
(less  than  500  °C)  and  short  reactor  residence  time  (less 
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Fig.  2,  Predicted  Ga  deposition  rate  as  a  function  of  temperature  and  pressure  on  the  Ga-rich  surface  using  a  unimolecular  surface  reaction 
mechanism.  Note  that  the  high  pressure  limit  is  reached  at  very  low  pressures  (about  10"^Torr)  for  temperatures  less  than  500  °C. 


than  100  ms)  should  severely  limit  the  potential  contri¬ 
bution  of  TMGa  gas  phase  pyrolysis  to  Ga  deposition. 
Deposition  rate  measurements  were  limited  to  total 
effective  Ga  coverages  of  less  than  50  ML  owing  to  the 
effect  of  the  Ga  droplets  on  the  pyrometric  temperature 
measurement.  Instead  of  presenting  the  data  as  growth 
rate,  we  have  used  them  to  calculate  the  effective  CH3 
desorption  rate  constant  =  3Rj-IN^)  and  then  com¬ 
pared  these  results  with  the  rate  constant  determined  by 
TPD  as  in  Fig.  1.  The  important  result  here  is  that  the 
CH3  desorption  rate  constant  determined  by  Ga  deposi¬ 
tion  rate  measurements  agrees  quantitatively  (within  a 
factor  of  2)  with  the  rate  constant  determined  by  TPD 
for  the  Ga-rich  surface.  Conversely,  the  deposition  rates 
predicted  by  the  model  agree  quantitatively  with  exper¬ 
imental  measurements.  Therefore  the  rate  of  excess  Ga 
desposition  in  this  temperature  range  can  be  entirely 
explained  by  the  heterogeneous  reaction  of  TMGa  with 
the  GaAs  surface.  Work  is  in  progress  to  expand  the 
range  of  experimental  growth  rate  measurements  for 
comparison  with  model  predictions. 

6.  ALE  kinetics 

ALE  behavior  will  occur  if  the  reaction  rate  of 
TMGa  on  the  As-rich  surface  is  significantly  faster  than 


the  reaction  rate  on  the  Ga-rich  surface.  In  fact,  TPD 
results  from  the  c(2  x  8)/(2  x  4)  As-rich  surface  indi¬ 
cate  that  the  approximate  rate  constant  for  CH3  de¬ 
sorption  (k^^)  is  roughly  10  times  larger  than  the  rate 
constant  (k^^)  for  CH3  desorption  from  the  Ga-rich 
surface  [24].  The  approximate  rate  constant  k^^ 
(E^  =  40.4  kcal  mol“‘,  v  =  10^^  s"^)  is  plotted  in  Fig.  1 
for  comparison  with  the  Ga-rich  data.  The  unimolecu¬ 
lar  surface  reaction  mechanism  (eqns.  (l)-(5))  can  be 
extended  to  account  for  the  difference  in  reactivity 
between  the  As-rich  and  Ga-rich  surfaces.  While  the 
kinetics  of  TMGa  reactivity  on  the  As-rich  surface  are 
not  completely  understood,  we  can  make  a  few  reason¬ 
able  assumptions  and  also  glean  some  results  from 
published  ALE  results.  To  reach  the  “high  flux  limit” 
on  the  As-rich  surface  may  require  the  use  of  higher 
pressures  than  is  needed  for  the  Ga-rich  surface,  but 
most  results  indicate  that  the  limit  is  reached  in  the 
TMGa  pressure  range  from  10“^  to  10“^Torr  [2,  3,  9, 
38].  In  any  case,  ALE,  by  definition,  is  always  operated 
under  conditions  where  is  independent  (or  very 
nearly  independent)  of  TMGa  pressure.  This  allows  us 
to  use  the  simplified  form  of  eqn.  (5),  i.e.  ~ 
to  describe  the  reaction  rate  of  TMGa  on  the  As-rich 
surface.  For  convenience  we  will  assume  that  the  cover¬ 
age  of  CH3  on  the  As-rich  surface  is  the  same  as  the 
coverage  on  the  Ga-rich  surface  (TPD  results  indicate 
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that  this  assumption  is  valid  to  within  a  factor  of  2). 
Given  these  criteria,  the  disparity  in  the  TMGa  reaction 
rate  on  the  As-rich  vs.  the  Ga-rich  surface  is  due  to  the 
difference  in  the  CHj  desorption  rate  constants,  i.e. 
vs. 

In  order  to  develop  a  complete  ALE  mechanism,  we 
need  some  method  of  treating  the  conversion  of  the 
As-rich  surface  to  the  Ga-rich  surface.  In  this  paper  we 
consider  two  simple  but  reasonable  examples  of  the 
As-rich -Ga-rich  conversion  kinetics.  In  the  first  exam¬ 
ple  we  propose  that  the  overall  reaction  rate  proceeds  at 
the  As-rich  surface  reaction  rate  until  1  ML  Ga  has 
been  deposited  and  then  proceeds  at  the  Ga-rich  surface 
reaction  rate  thereafter: 


for  0Ga  ^  1  ML 
for  dr-.a  >  1  ML 


This  mechanism  can  easily  be  solved  to  express  the 
growth  per  cycle  as  a  function  of  TMGa  exposure 
time  or  pulse  width  (tp): 


for  tp  ^ 


1  -h  \k^^N°‘‘tplN,  for  tp  > 


where  t^  =  is  the  time  required  to  de¬ 

posit  the  first  ML  of  Ga  and  A,  is  the  surface  atom 
density,  i.e.  6.26  x  10’“*  cm”^.  We  refer  to  eqn.  (7)  as 
the  linear-linear  ALE  mechanism,  since  the  growth  is 
decribed  by  two  linear  time  dependences  (as  depicted  in 
Fig.  3).  In  partial  support  of  this  mechanism  we  note 
that  our  molecular  beam  results  indicate  that  the  reac¬ 
tion  rate  of  TMGa  with  the  As-rich  c(2  x  8)/(2  x  4) 
surface  is  nearly  constant  for  at  least  the  first  approxi¬ 
mately  0.5  ML  of  Ga  deposition  [37].  The  reflectance 


difference  spectroscopy  (RDS)  results  of  Aspnes  et  al. 
[39]  also  demonstrate  that  the  reaction  rate  is  virtually 
constant  until  the  latter  stage  of  reaction. 

For  the  second  example  of  ALE  growth  we  propose 
that  reaction  occurs  on  expanding  regions  of  Ga-rich 
surface  and  on  shrinking  regions  of  As-rich  surface.  We 
define  the  fractional  area  of  As-rich  surface  as  and 
of  Ga-rich  surface  as  foa  >  such  that  -I-  =  1 .  The 

overall  reaction  rate  can  then  be  described  by 

FT  =  i^^W^;^FA,  +  |/:?AS“FGa  (8) 

Since  the  solution  to  this  expression  is  more  compli¬ 
cated,  we  define  the  following  terms  for  convenience: 

Now  eqn.  (8)  can  be  solved  to  determine  the  time 
dependence  for  assuming  (the  rate  on  the 

As-rich  surface  is  faster  than  the  rate  on  the  Ga-rich 
surface) : 

_  {r^%  1  -  exp(  -  A7?g]/A7?  for 

(^1  +  ~  ^ 

where  AR  =  (R^^  -  R^^) I N,  and  t^  =  (llAR)\n(R^^I 
R^^)  is  the  time  required  to  deposit  the  first  ML  of  Ga. 
We  refer  to  this  mechanism  (eqn.  (9))  as  the  exponen¬ 
tial-linear  ALE  mechanism  since  it  follows  exponential 
then  linear  growth  with  exposure  time  (see  Fig.  3). 

The  temperature  dependences  of  the  linear -linear  and 
exponential -linear  ALE  mechanisms  for  a  1  s  TMGa 
exposure  (/p  =  1  s)  are  plotted  in  Fig.  4  along  with  the 
experimental  results  of  DenBaars  et  al.  [4],  which  were 
also  obtained  with  =  1  s.  The  first  thing  to  note  is  the 
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Fig.  3.  Time  dependence  of  two  simple  ALE  mechanisms  at  450  °C 
using  kinetic  parameters  determined  from  surface  science  experi¬ 
ments. 
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Fig.  4.  Temperature  dependence  of  two  simple  ALE  mechanisms 
using  kinetic  parameters  determined  from  surface  science  experi¬ 
ments.  The  data  points  are  ALE  measurements  of  DenBaars  et  al  [4]. 
TMGa  exposure  time  was  1  s. 
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reasonable  agreement  between  the  absolute  growth  rate 
measurements  and  model  predictions.  The  quantitative 
agreement  between  the  models  and  the  experimental 
data  is  in  most  cases  much  better  than  ±  50%  and  is 
particularly  good  below  500  °C.  It  should  be  remem¬ 
bered  that  all  the  kinetic  parameters  and  saturation 
coverages  in  the  two  ALE  models  were  determined  from 
independent  experimental  measurements 
or  reasonable  estimates  {N^^)  and  were  not  varied  to 
achieve  a  better  fit  to  the  ALE  data.  Both  models  exhibit 
a  tendency  for  the  temperature  dependence  to  weaken 
betwen  460  and  500  °C  and  this  result  is  also  reproduced 
experimentally.  As  expected,  the  temperature  “plateau” 
for  the  linear-linear  mechanism  is  more  pronounced, 
but  neither  mechanism  (or  experiment)  exhibits  ideal 
ALE  behavior  with  respect  to  temperature.  The  quanti¬ 
tative  agreement  between  the  two  models  and  the  exper¬ 
imental  data  worsens  somewhat  above  500  °C,  but  the 
difference  in  curvature  between  500  and  550  °C  is  per¬ 
haps  more  bothersome.  One  possible  explanation  is  that 
mass  transport  effects  are  beginning  to  moderate  the 
experimental  growth  rate  [4]  at  high  temperature.  An¬ 
other  possible  explanation  is  that  as  the  Ga  droplets 
become  larger  (with  increasing  temperature)  they  do  not 
act  as  ideal  reservoirs  of  Ga  during  the  arsine  cycle,  so 
an  increasing  fraction  of  the  metallic  Ga  does  not 
become  incorporated  into  the  GaAs  lattice. 

In  the  temperature  range  of  interest  the  disparity  in 
reaction  rates  between  the  As-rich  and  Ga-rich  surfaces 
is  only  a  factor  of  about  10.  If  the  disparity  were  much 
larger,  then  the  size  of  the  temperature  “plateau”  would 
increase  and  the  GaAs  ALE  behavior  would  be  much 
closer  to  ideal.  Doi  et  al.  [40,  41]  came  to  a  very  similar 
conclusion  when  explaining  their  results  for  laser-as¬ 
sisted  ALE.  They  found  that  they  could  explain  their 
results  using  a  model  very  similar  to  eqn.  (8)  and  by 
assuming  that  the  laser-assisted  TMGa  reaction  rate  on 
the  As-rich  surface  was  about  100  times  faster  than  the 
rate  on  the  Ga-rich  surface  [40]. 


7.  The  flux  balance  mechanism  of  ALE 

The  key  feature  of  the  flux  balance  mechanism  (as 
proposed  hy  Yu  et  al.  [20,  21])  is  that  TMGa  decom¬ 
poses  on  the  gallium-rich  surface,  but  a  gallium-contain¬ 
ing  product,  specifically  monomethylgallium  (MMGa), 
leaves  the  surface  quantitatively,  so  no  net  gallium 
deposition  occurs.  This  mechanism,  or  something  similar 
to  it,  may  be  needed  to  explain  the  GaAs  ALE  results 
of  Ozeki  et  al.  [8,  9],  who  observed  a  very  wide  temper¬ 
ature  window  (about  100  °C)  and  a  near-ideal  time 
dependence.  Yu  al.  have  made  direct  observations  of 
MMGa  desorbing  from  GaAs  using  a  pulsed  molecular 
beam  technique  [20,  21].  While  this  proposed  mechanism 


has  merit,  we  believe  that  the  conditions  which  may  lead 
to  quantitative  MMGa  production  have  not  been  ade¬ 
quately  explained. 

It  is  instructive  to  write  the  TMGa  reaction  equation 
allowing  for  MMGa  formation: 

Ga(CH3)3(g)  ^{x  +  2)CH3(g)  +xGa(s) 

+  (l-x)GaCH3(g) 

where  x(0  ^  x  <  1)  defines  the  degree  of  gallium  droplet 
formation  vs.  MMGa  formation.  For  the  flux  balance 
mechanism  to  be  significant,  x  has  to  be  near  zero,  i.e. 
most  Ga  leaves  the  surface  as  MMGa.  While  the  molec¬ 
ular  beam  technique  can  measure  desorbing  products 
such  as  methyl  radicals  and  gallium  alkyl  radicals,  it 
cannot  directly  monitor  the  formation  of  gallium 
droplets.  If  the  rate  of  CH3  and  MMGa  evolution 
could  be  quantitatively  measured,  then  it  would  be 
possible  to  infer  the  gallium  deposition  rate  from  mass 
balance.  Yu  et  al.  [20,  21]  noted  a  drop  in  the  CH3  yield 
when  the  surface  converts  from  the  As-rich  to  the 
Ga-rich  condition  and  have  used  this  observation  to 
support  a  change  in  the  branching  ratio  from  x  =  1  to 
0  (no  net  Ga  deposition).  However,  the  TMGa  reactive 
sticking  coefficient  falls  in  synchrony  with  the  CH3 
signal  [21,  37,  42],  so  the  drop  in  CH3  signal  may 
simply  reflect  a  lower  rate  of  TMGa  decomposition.  We 
therefore  believe  that  this  result  does  not  conclusively 
demonstrate  a  significant  change  in  the  branching  ratio 
(x).  We  also  normally  detect  an  excess  MMGa^  signal 
(in  agreement  with  Yu  et  al  [20,  21])  in  the  400-500  °C 
range  when  TMGa  impinges  on  the  Ga-rich  surface 
[37].  Our  initial  attempts  to  calibrate  the  MMGa^ 
signal  indicate  that  for  many  conditions  x  may  be  near 
unity  (MMGa  desorption  insignificant,  Ga  droplets 
grow),  while  for  other  conditions  x  is  smaller  and  may 
be  near  zero  (MMGa  desorption  significant,  Ga 
droplets  do  not  grow).  It  is  also  sometimes  difficult  to 
reproduce  the  magnitude  of  x  for  nominally  identical 
conditions  {i.e.  temperature  and  flux).  We  have  not  yet 
determined  the  source  of  this  variation,  but  we  specu¬ 
late  that  it  is  related  to  the  presence  of  Ga  droplets  that 
may  exist  on  the  surface  before  each  experiment  or  that 
nucleate  during  TMGa  exposure.  This  is  one  reason 
why  we  believe  that  the  flux  balance  condition  is 
metastable.  During  TMGa  TPD  experiments  some 
MMGa  desorption  is  also  detected,  but  for  these  condi¬ 
tions  it  is  definitely  not  formed  quantitatively  and  most 
of  the  liberated  gallium  ends  up  in  Ga  droplets  [16,  24]. 


8.  The  source  of  excess  gallium  deposition 

As  we  mentioned  earlier,  the  source  of  excess  {i.e. 
greater  than  1  ML)  gallium  deposition  is  still  the 
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subject  of  much  debate.  The  controversy  centers  mainly 
on  the  relative  roles  of  heterogeneous  and  homoge¬ 
neous  chemistry.  In  this  section  we  review  some  impor¬ 
tant  issues  and  offer  some  speculations  that  may  explain 
some  of  the  apparently  disparate  findings,  but  we  do 
not  realistically  expect  this  to  end  the  controversy. 

The  evidence  for  a  heterogeneous  pathway  that  leads 
to  excess  Ga  deposition  is  very  strong.  The  low  pressure 
conditions  of  Nishizawa  et  al.  [2,  3]  did  not  exhibit 
ideal  ALE  behavior  with  respect  to  temperature,  and 
excess  Ga  deposition  readily  occurred.  Since  gas  phase 
TMGa  pyrolysis  cannot  be  responsible  for  the  excess 
Ga  deposition  seen  by  Nishizawa  et  al  (owing  to  the 
low  pressures),  a  heterogeneous  process  must  be  re¬ 
sponsible.  We  have  also  observed  Ga  droplet  formation 
on  the  GaAs(lOO)  surface  in  our  UHV  chamber  at 
TMGa  pressures  of  about  10“^Torr  and  surface  tem¬ 
peratures  around  500  °C. 

It  is  reasonable  to  ask  if  a  heterogeneous  pathway  is 
responsible  for  excess  Ga  deposition  at  higher  pres¬ 
sures.  We  have  shown  (in  Section  5)  that  the  gallium 
deposition  rate  measurements  in  the  millitorr  TMGa 
pressure  range  agree  quantitatively  with  the  unimolecu- 
lar  surface  reaction  kinetics  obtained  by  surface  science 
techniques.  Complete  ALE  mechanisms  that  incorpo¬ 
rate  the  surface  reaction  kinetics  (see  Section  6)  but  no 
gas-phase  pyrolysis  are  also  in  good  agreement  with 
the  atmospheric  pressure  results  of  DenBaars  et  al  [4]. 
Therefore  Ga  deposition  rate  measurements  at  realistic 
ALE  pressures  and  at  least  some  of  the  ALE  results  can 
be  explained  solely  with  a  heterogeneous  mechanism  of 
excess  Ga  deposition. 

There  is  another  common  but  overlooked  experimen¬ 
tal  result  that  strongly  suggests  that  excess  Ga  deposi¬ 
tion  arises  primarily  by  a  heterogeneous  pathway. 
Virtually  all  ALE  results  [2-9,  38]  demonstrate  a  zero- 
order  TMGa  pressure  dependence  on  even  when 
excess  gallium  deposition  occurs  {i.e.  >  1  ML). 

Therefore  the  mechanism  of  excess  gallium  deposition 
exhibits  a  zero-order  TMGa  pressure  dependence.  A 
zero-order  pressure  dependence  is  a  common  feature  of 
a  unimolecular  surface  reaction  mechanism  and  the 
model  discussed  in  Section  5  shows  this  dependence  for 
typical  ALE  conditions.  It  would  be  highly  unusual  for 
a  gas-phase  TMGa  pyrolysis  mechanism  to  exhibit  a 
zero-order  TMGa  pressure  dependence.  It  is  worth 
noting  that  a  zero-order  TMGa  pressure  dependence  is 
a  necessary  but  not  sufficient  condition  for  ALE.  In 
other  words,  it  is  possible  to  have  a  wide  region  of 
zero-order  TMGa  pressure  dependence  but  have  abso¬ 
lutely  no  ALE  behavior  with  respect  to  temperature  or 
pulse  time  [38]. 

Even  though  there  is  strong  evidence  supporting  the 
heterogeneous  mechanism  of  excess  gallium  deposition, 
the  exceptional  ALE  results  of  Ozeki  et  al  [8,  9]  are 


difficult  to  reconcile.  The  lack  of  gas  phase  TMGa 
pyrolysis  (owing  to  reactor  design  and  operating  con¬ 
ditions)  is  often  given  as  the  reason  why  their  results 
show  better  ALE  behavior  than  results  from  most 
other  laboratories  [8,  9].  However,  simply  avoiding  gas 
phase  TMGa  pyrolysis  does  not  ensure  ideal  ALE 
behavior,  as  the  low  pressure  results  of  Nishizawa  et 
al  [2,  3]  demonstrated.  The  flux  balance  condition 
(see  Section  7)  may  be  responsible  for  the  extended 
ALE  conditions  of  Ozeki  et  al  [8,  9].  We  offer  the 
following  speculative  explanation  to  reconcile  some  of 
the  differences  in  the  ALE  results.  As  we  mentioned 
earlier,  we  believe  the  flux  balance  condition  is 
metastable,  because  otherwise  similar  operating  condi¬ 
tions  lead  to  excess  gallium  deposition  (even  in  the 
absence  of  gas  phase  TMGa  pyrolysis).  For  excess 
gallium  deposition  to  occur,  gallium  droplets  must  first 
nucleate  on  the  GaAs  surface.  In  the  absence  of  gal¬ 
lium  droplets  any  excess  gallium  liberated  by  TMGa 
decomposition  may  simply  desorb  as  MMGa,  thus 
creating  the  flux  balance  condition.  However,  once 
gallium  droplets  nucleate  on  the  GaAs  surface,  they 
continue  to  grow  at  a  rate  determined  primarily  by  the 
TMGa  heterogeneous  reaction  rate.  Notice  that  we  are 
making  a  distinction  between  nucleation  and  subse¬ 
quent  growth.  If  the  reactor  design  and  operating  con¬ 
ditions  of  Ozeki  et  al  [8,  9]  do  play  a  role  in  the 
improved  ALE  performance,  we  believe  it  is  because 
they  prevent  or  delay  the  onset  of  Ga  droplet  nucle¬ 
ation  and  not  because  they  would  lead  to  slower  Ga 
droplet  growth.  Droplet  nucleation  on  the  Ga-rich  sur¬ 
face  may  not  necessarily  occur  instantaneously  and 
may  require  an  induction  period.  Kobayashi  and 
Kobayashi  [43]  reported  GaAs  ALE  results  demon¬ 
strating  metastable  behavior,  which  is  consistent  with  a 
delay  in  Ga  droplet  formation.  They  showed  that  once 
the  surface  was  converted  to  the  Ga-rich  condition  by 
TMGa  exposure  at  470  °C,  the  surface  photoabsorp¬ 
tion  (SPA)  signal  remained  constant,  indicating  self- 
limiting  growth.  However,  this  condition  was  not 
stable  indefinitely  and  after  about  10  s  the  (SPA)  sig¬ 
nal  began  to  increase  rapidly,  evidently  signaling  the 
nucleation  and  growth  of  Ga  droplets. 

The  narrow  ALE  operating  conditions  often  seen 
[2-5]  may  be  due  to  prompt  droplet  nucleation  once 
the  Ga-rich  surface  is  formed.  The  two  simple  heteroge¬ 
neous  ALE  mechanisms  we  described  in  Section  6 
assume  that  Ga  droplet  growth  is  not  impeded  by 
nucleation  and  these  models  give  a  reasonable  descrip¬ 
tion  of  the  results  of  DenBaars  et  al.  [4].  We  do  not 
understand  the  conditions  that  determine  whether 
droplet  nucleation  will  be  prompt  or  delayed,  but 
we  note  that  the  nucleation  phenomenon  can  be  ex¬ 
tremely  sensitive  to  a  variety  of  intrinsic  and  extrinsic 
parameters. 
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9.  TMGa  chemisorption  on  the  c(4  x  4)  “super”  As-rich 
surface 

Some  ALE  conditions  will  generate  the  c(4  x  4)  ‘‘su¬ 
per”  As-rich  surface  (^as  =  1-75  ML)  during  the  arsine 
cycle  (see  Section  3),  so  it  is  of  interest  to  study  the 
chemisorption  properties  of  TMGa  on  this  surface. 
Our  molecular  beam  and  TPD  results  indicate  that 
surfaces  with  more  than  1  ML  As  coverage  are  less 
reactive  towards  TMGa  than  the  c{2  x  8)/(2  x  4)  As- 
rich  surface  (0as  =  0-75  ML).  TPD  results  following 
low  temperature  TMGa  chemisorption  indicate  that 
CH3  desorbs  at  a  higher  temperature  from  the  “super” 
As-rich  surface  than  from  the  c(2  x  8)/(2  x  4)  As-rich 
surface.  In  fact,  the  peak  temperature  is  nearly  identi¬ 
cal  to  that  of  CH3  desorption  from  the  Ga-rich  sur¬ 
face,  with  some  desorption  occurring  at  even  higher 
temperature  (see  Fig.  5).  This  indicates  that  TMGa 
reacts  with  the  “super”  As-rich  surface  at  about  the 
same  rate  (or  perhaps  even  at  a  lower  rate)  as  it  reacts 
with  the  Ga-rich  surface.  This  behavior  is  not  desirable 
since  it  destroys  the  disparity  in  TMGa  reaction  rate 
that  is  at  least  partly  responsible  for  GaAs  ALE.  For¬ 
tunately,  the  fast  desorption  rate  of  the  excess  (greater 
than  1  ML)  As  at  temperatures  above  about  450  °C 
means  that  most  of  it  will  desorb  during  the  purge 
cycle  following  arsine  exposure  [34].  However,  the 
presence  of  this  excess  As  may  limit  the  ability  to 
perform  ALE  at  lower  temperatures.  These  results  are 
also  consistent  with  chemical  beam  epitaxy  (CBE)  data 
showing  a  decrease  in  growth  rate  at  high  arsenic  flux 
[44]. 


o 
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Fig.  5.  Comparison  of  TPD  spectra  for  CH3  desorption  from  the 
Ga-rich  and  “super”  As-rich  GaAs(IOO)  surfaces.  Note  that  the  CH3 
desorption  rate  from  the  “super”  As-rich  surface  is  about  the  same  as 
the  rate  from  the  Ga  rich  surface. 


10.  Summary 

We  briefly  discussed  likely  explanations  of  the  stoi¬ 
chiometry  “problem”  of  GaAs  ALE  (Section  3). 
Methyl  groups  may  stabilize  a  Ga-rich  surface  with 
0(3a  =  1  ml,  while  large  arsine  exposures  lead  to  As 
coverages  of  1  ML  or  more.  Most  of  the  excess  (above 
1  ML)  As  desorbs  during  the  purge,  but  the  remaining 
As  is  sufficiently  stable  at  typical  ALE  temperatures. 

We  also  reviewed  three  proposed  mechanisms  for 
GaAs  ALE  and  reviewed  or  presented  data  in  support 
of  or  in  contradiction  to  these  mechanisms.  A  wide 
range  of  data  indicating  that  TMGa  reacts  with  the 
Ga-rich  surface  disprove  the  selective  adsorption  mech¬ 
anism  (Section  4).  The  kinetics  of  the  TMGa  reaction 
with  the  Ga-rich  surface  indicate  that  the  surface  is 
covered  with  CH3  during  typical  ALE  pressures  and 
temperatures,  in  agreement  with  the  premise  of  the 
adsorbate  inhibition  mechanism  (Section  5).  However, 
the  adsorbate  inhibition  mechanism  is  too  simplistic  to 
explain  GaAs  ALE,  since  excess  Ga  deposition  still 
occurs  at  a  finite  rate.  Preliminary  results  for  the  rate  of 
excess  Ga  deposition  in  the  TMGa  millitorr  pressure 
range  are  in  good  quantitative  agreement  with  a  simple 
unimolecular  surface  reaction  model  using  kinetic 
parameters  measured  by  conventional  surface  science 
techniques  at  much  lower  pressures.  Two  simple  ALE 
kinetic  models  were  constructed  (Section  6)  using  the 
unimolecular  surface  reaction  kinetics  determined  on 
the  As-rich  and  Ga-rich  surfaces.  Predictions  of  these 
ALE  models  are  in  good  agreement  with  the  ALE 
results  of  DenBaars  et  aL  [4]. 

The  flux  balance  mechanism  (Section  7)  may  be 
needed  to  explain  the  results  of  Ozeki  et  al.  [8,  9],  but 
the  flux  balance  condition  may  be  metastable.  We  spec¬ 
ulate  that  the  flux  balance  condition  may  be  due  to  a 
delay  in  or  absence  of  Ga  droplet  nucleation  (Section  8). 
The  differences  in  the  reported  ALE  results  may  be  due 
to  differences  in  the  onset  of  Ga  droplet  nucleation.  In 
some  cases  the  differences  in  droplet  nucleation  might 
result  from  differences  in  the  reactor  fluid  mechanics 
and/or  the  degree  of  homogeneous  reactions.  However, 
once  Ga  droplets  nucleate,  they  grow  at  a  rate  deter¬ 
mined  primarily  by  the  TMGa  heterogeneous  reaction 
rate  on  the  Ga-rich  surface.  Without  the  delay  of 
nucleation,  ALE  behavior  is  still  observed  but  over  a 
much  narrower  range  of  operating  conditions.  This 
baseline  ALE  behavior  is  due  to  the  disparity  in  the 
TMGa  heterogeneous  reaction  rate  towards  the  As-rich 
and  Ga-rich  surfaces,  which  is  caused  by  the  disparity  in 
the  CH3  desorption  rates.  Unfortunately,  the  CH3  de¬ 
sorption  rate  constant  for  the  As-rich  surface  is  only 
about  a  factor  of  10  larger  than  the  rate  constant  for  the 
Ga-rich  surface,  which  leads  to  the  “weak”  ALE  behav¬ 
ior  often  observed  [2-5].  We  also  note  (Section  9)  that 
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if  the  surface  becomes  too  As  rich,  Le.  “super”  As  rich, 
then  the  disparity  in  rate  constants  becomes  smaller  and 
the  ALE  behavior  may  diminish  completely. 
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Abstract 

We  summarize  recent  applications  of  two  real-time  optical  diagnostic  techniques,  reflectance  difference  spectroscopy 
(RDS)  and  spectroellipsometry  (SE),  to  epitaxial  growth  on  GaAs  and  atomic  layer  epitaxy  (ALE)  in  particular. 
Using  RDS,  we  obtain  the  first  real-time  spectroscopic  data  of  the  evolution  of  the  (001)  GaAs  surface  to  cyclic  and 
non-cycle  exposures  of  atmospheric  pressure  H2,  H2  and  trimethylgallium,  and  H2  and  arsine,  which  simulate 
growth  by  ALE.  None  of  our  observations  is  consistent  with  any  previously  proposed  simple  model,  emphasizing 
the  necessity  of  real-time  measurements  for  the  analysis  of  complex  surface  reactions.  Using  SE  we  have  constructed 
a  closed-loop  system  for  controlling  the  compositions  of  Al^Gaj.^  As  layers  grown  by  chemical  beam  epitaxy. 
We  have  produced  various  graded-compositional  structures,  including  parabolic  quantum  wells  200  A  wide  where 
the  composition  was  controlled  by  analysis  of  the  running  outermost  3  A  (about  1  monolayer)  of  depositing 
material. 


1.  Introduction 

Among  the  various  approaches  to  epitaxial  growth, 
atomic  layer  epitaxy  (ALE)  has  been  singled  out  for 
special  attention  because  of  its  “digital”  nature,  the 
uniformity  of  the  resulting  layers  and  its  applicability  to 
various  III-V  materials  [1,  2].  However,  in  the  absence 
of  direct  information  about  the  state  of  surfaces  during 
ALE  growth,  detailed  mechanisms  remain  a  source  of 
speculation.  In  the  trimethylgallium  (Ga(CH3)3, 
TMG) -arsine  (ASH3)  system  three  common  models 
invoke  selective  adsorption  (SA)  [3],  adsorption  inhibi¬ 
tion  (AI)  [4]  and  flux  balance  (FB)  [5]  as  the  relevant 
mechanisms.  In  the  SA  model  it  is  assumed  that  TMG 
does  not  adhere  to  Ga,  which  is  supposedly  the  outer- 
layer  species  that  results  when  (001)  GaAs  is  exposed  to 
TMG.  In  the  AI  model  the  same  result  is  achieved  by 
assuming  that  each  surface  Ga  atom  is  capped  with  a 
methyl  radical  (CH3).  In  the  FB  model  ALE  is  a  result 
of  a  dynamic  equilibrium  between  Ga  deposited  from 
TMG  and  Ga  desorbed  as  monomethylgallium 
(GaCH3,  MMG).  A  summary  has  recently  been  given 
by  Creighton  and  Banse  [6]. 

The  development  of  optical  diagnostic  techniques 
that  can  provide  real-time  information  about  growth 
surfaces  and  deposited  material  is  relevant  to  ALE  for 


several  reasons.  On  the  one  hand,  the  use  of  surface-ori¬ 
ented  techniques  such  as  reflectance  difference  spec¬ 
troscopy  (RDS)  [7,  8]  and  surface  phptoabsorption 
(SPA)  [9,  10]  can  yield  information  about  growth  sur¬ 
faces  in  real  time  and  thereby  provide  new  insight  to 
growth  mechanisms.  On  the  other  hand,  the  use  of 
spectroellipsometry  (SE)  to  control  layer  compositions 
and  thicknesses  directly  [11,  12]  eliminates  one  of  the 
primary  reasons  for  performing  ALE. 

We  have  approached  the  problem  of  epitaxial  growth 
from  both  directions,  developing  RDS  to  obtain  new 
information  about  growth  chemistry  and  SE  to  control 
growth  directly  in  real  time.  We  have  recently  devel¬ 
oped  a  multitransient  version  of  RDS  and  applied  it  to 
a  simulated  ALE  cycle  involving  TMG  and  ASH3  in  an 
atmospheric  pressure  (AP)  organometallic  chemical  va¬ 
por  deposition  (OMCVD)  reactor  [13].  This  system  has 
provided  the  first  real-time  spectral  view  of  the  evolu¬ 
tion  of  a  semiconductor  surface  to  cyclic  exposures  of 
reactants.  By  comparing  the  results  with  our  previously 
obtained  reflectance  difference  (RD)  spectral  database 
of  the  various  reconstructions  on  (001)  GaAs  [14,  15], 
we  show  that  none  of  the  previously  proposed  simple 
models  of  ALE  growth  applies.  In  our  growth  control 
work  we  have  used  a  spectroellipsometer  as  a  feedback 
element  on  a  chemical  beam  epitaxy  (CBE)  chamber  to 
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determine  the  composition  of  the  running  outermost 
few  angstroms  of  depositing  material  and  to  adjust 
deposition  parameters  to  follow  preset  profiles  [12]. 
The  present  paper  is  a  report  of  our  progress  in  both 
areas. 


2.  (001)  GaAs  surfaces  under  cyclic  exposures 

Because  details  of  our  multitransient  spectroscopy 
(MTS)  work  have  been  discussed  elsewhere  [13],  we 
provide  only  a  brief  overview  and  summarize  the 
main  results.  Experiments  were  performed  with  a  dou¬ 
ble-wall  horizontal  flow  OMCVD  reactor,  GaAs  wafers 
oriented  to  within  0.5°  of  (001)  were  mounted  after 
standard  chemical  treatments  on  an  SiC-coated 
graphite  susceptor.  We  also  investigated  samples  ori¬ 
ented  6°  off  (001)  toward  [110],  but  the  results  showed 
no  difference  to  within  experimental  uncertainty. 
RD  spectra  are  obtained  as  Ar/r  =  Ar/r  +  f A0  = 
2(rrio“^no)/(^rio  +  ^iio),  where  rno  and  rno  are  the 
complex  near-normal-incidence  reflectances  of  light  po¬ 
larized  along  the  [TlO]  and  [110]  axes  respectively. 

The  interpretation  of  the  multitransient  results  de¬ 
pends  on  the  database  of  RD  spectra  that  we  obtained 
for  (001)  GaAs  surfaces  prepared  in  ultrahigh  vacuum 
(UHV)  by  molecular  beam  epitaxy  (MBE)  and  simulta¬ 
neously  characterized  by  reflection  high  energy  electron 
diffraction  (RHEED)  [14,  15].  Part  of  this  database  is 
shown  in  Fig.  1.  RD  spectra  are  given  for  the  primary 
reconstructions  (4  x  2),  (2  x  4),  c(4  x  4)  and  d{A  x  4) 
on  (001)  GaAs.  These  reconstructions  involve  termina¬ 
tions  by  zero,  one,  two,  and  two  or  more  outer  layers  of 
As  respectively.  Figure  1  shows  that  the  same  RD 
spectra  are  obtained  in  both  UHV  and  AP  H2,  which 
means  that  the  surface  reconstructions  are  similar,  pos¬ 
sibly  even  identical,  in  the  two  environments.  Since  RD 
is  sensitive  to  local  atomic  structure  rather  than  long- 
range  order,  these  data  demonstrate  explicitly  that 
dimer  formation  is  not  restricted  to  UHV  and  that  H2 
does  not  play  a  major  role  in  modifying  the  electronic 
and  atomic  structure  of  (001)  GaAs.  This  observation 
already  eliminates  certain  classes  of  models  of  OMCVD 
growth  and  provides  indirect  support  for  models  of 
spontaneous  ordering  in  the  InGaP  system  [16-18], 
which  rely  on  the  presence  of  surface  dimers.  The  result 
also  justifies  the  application  of  results  obtained  for 
(001)  GaAs  by  UHV  surface  analysis  techniques  to 
OMCVD  growth  [4-6,  19-21],  although,  as  will  be 
shown,  most  of  the  surface  reconstructions  that  have 
been  studied  are  not  those  that  are  relevant  to  ALE. 

We  now  apply  the  above  results  to  the  evolution  of 
the  (001)  GaAs  surface  to  cyclic  exposures  of  H2, 
H2  +  TMG,  H2  +  ASH3  and  H2.  The  specific  cycle  in¬ 
vestigated  here  consists  of  a  4  s  H2  purge,  7  s  exposure 


Fig.  1.  RD  spectral  database  for  the  primary  reconstructions  on 
(001)  GaAs  (after  ref.  14). 


to  TMG,  a  19  s  H2  purge  and  10  s  exposure  to  ASH3  for 
a  period  of  40  s.  The  partial  pressures  of  ASH3  and 
TMG  were  2.3  and  0.011  Torr  respectively.  The  sample 
temperature  was  450  °C.  These  conditions  and  this  se¬ 
quence  are  those  that  are  typically  used  for  ALE,  but 
exposure  and  purge  periods  have  been  lengthened  to 
better  establish  surface  evolutions.  RD  spectra  of  the 
surface  at  250  points  during  the  cycle  were  obtained  by 
a  sampling  technique.  We  first  recorded  81  250-point, 
37.5  s  transients  from  5.5  to  1.5  eV  at  intervals  of 
0.05  eV,  with  each  transient  beginning  4.00  s  before  the 
ASH3  exposure  was  terminated.  We  then  reorganized 
the  resulting  data  into  250  81 -point  spectra  separated 
by  time  intervals  of  150  ms. 

To  relate  the  spectra  to  various  events  that  occur 
over  the  cycle,  we  show  two  transients  in  Fig.  2.  One  is 
taken  at  2.6  eV,  where  the  contribution  of  As  dimers  is 
a  maximum.  The  other  is  taken  at  1,95  eV,  near  the 
maximum  contribution  of  Ga  dimers  and  also  near  the 
1.959  eV  energy  of  HeNe  lasers  commonly  used  to 
study  kinetic  processes.  Instants  when  TMG  and  ASH3 
flows  were  changed  are  indicated.  These  are  also  appar¬ 
ent  from  specific  features.  For  example,  the  termination 
of  ASH3  exposure  is  easily  seen  at  2.6  eV,  while  the 
onset  of  TMG  exposure  is  most  apparent  at  1.95  eV. 
The  relatively  drastic  change  on  resumption  of  ASH3 
exposure  is  obvious  in  both. 
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Fig.  2.  Two  of  a  set  of  81  250-point  transients  illustrating  the 
evolution  of  (001)  GaAs  over  an  ALE-like  cycle  of  4  s  H2,  7  s 
H2  +  TMG,  19  s  H2  and  10  s  H2  + ASH3  (after  ref.  13). 

Selected  spectra  indicated  by  the  numbers  in  Fig.  2 
are  shown  in  Fig.  3.  Spectra  50  and  209  are  individual 
spectra  because  the  surface  is  changing  rapidly  with 
time.  Spectra  3  and  248  are  averages  over  the  nearest 
five.  The  rest  are  averages  over  the  nearest  three,  except 
for  36  and  39  which  are  averages  over  34-36  and 
39-41  respectively.  Two  difference  spectra  are  shown  at 
the  bottom:  between  36  and  39  and  A2  between  3 


Fig.  3.  RD  spectra  corresponding  to  the  points  indicated  in  Fig.  2 
(after  ref.  13). 


and  248.  A^  describes  the  initial  reaction  of  the  surface 
when  exposed  to  TMG,  while  A2  illustrates  the  consis¬ 
tency  over  the  set. 

We  now  examine  these  results  in  detail,  beginning 
with  the  surface  stabilized  with  ASH3.  From  spectra  3 
and  248  of  Fig.  3  the  corresponding  reconstruction  is 
d{A  X  4)-like  with  more  than  1  monolayer  (ML)  cover¬ 
age  of  As,  in  agreement  with  previous  work  [14,  15]. 
This  result  alone  eliminates  all  previous  simple  models 
of  ALE,  which  have  supposed  that  termination  alter¬ 
nates  between  single-layer  coverages  of  As  and  Ga.  We 
divide  the  rest  of  the  cycle  into  five  parts:  the  evolution 
of  the  AsH3-stabilized  surface  during  the  H2  purge;  that 
of  the  purged  surface  during  exposure  to  TMG;  that  of 
the  TMG-saturated  surface  during  excess  exposure  to 
TMG;  that  of  the  TMG-saturated  surface  during  the 
H2  purge;  and  that  of  the  purged  surface  during  expo¬ 
sure  to  ASH3.  Spectrum  36  shows  that  the  4  s  H2  purge 
removes  only  a  small  fraction  of  As  and  that  the 
surface  immediately  prior  to  TMG  exposure  is  still 
covered  with  at  least  two  layers  of  As. 

The  TMG-surface  reaction  is  much  more  complex. 
A  comparison  of  36  and  39  (see  A^)  shows  that  most  of 
the  cjd{A  X  4) -like  dimers  are  unaffected  by  initial  ex¬ 
posure  to  TMG.  In  view  of  previous  work  by  Yu  and 
coworkers  [5,  21]  on  the  (2  x  4)  reconstruction,  this 
result  is  surprising.  The  Yu  et  al.  data  showed  that  the 
(2  X  4)  surface  cracks  TMG  into  MMG  and  two  CH3 
radicals  that  attach  themselves  to  the  nearest  As.  How¬ 
ever,  a  global  reaction  of  this  type  would  destroy  all 
cld{4  X  4)-like  dimers,  leading  to  large  RD  changes 
that  are  not  observed.  Instead,  after  a  1  s  incubation 
period  these  dimers  begin  to  vanish  at  a  steady  rate  that 
depends  on  the  partial  pressure  of  TMG  in  the  ambient 
(occupancy  effects)  via  a  chemisorption  enthalpy  and 
decomposition  barrier  of  —26  and  39kcalmol~^  re¬ 
spectively,  as  established  by  an  earlier  investigation  of 
the  kinetics  of  the  interaction  of  TMG  with  this  surface 
[22].  We  originally  interpreted  the  reaction  bottleneck 
as  excluded- volume  chemisorption  [22],  but  the  data 
are  also  consistent  with  the  TMG-surface  reaction 
occurring  only  at  special  sites,  e.g.  the  missing  dimers  of 
the  Farrell  et  al.  model  [23].  However,  constraints  on 
densities  and  energetics  make  a  special-site  model  less 
attractive  than  steric  hindrance  for  explaining  the  ob¬ 
served  kinetic  behavior.  Spectra  50  and  62  indicate  that 
these  dimers  are  being  replaced  by  As  dimers  oriented 
along  [110],  i.e.  that  the  original  two  or  more  outer 
layers  of  As  are  becoming  one.  This  is  a  logical  con¬ 
sequence  of  deposited  Ga  atoms  finding  their  ther¬ 
modynamically  preferred  lattice  sites  through  local 
bonding  rearrangements. 

If  the  TMG-surface  reaction  were  to  begin  with  the 
c(4  X  4)  and  stop  with  the  (2  x  4)  reconstruction,  a 
yield  of  exactly  1  ML  per  cycle  would  be  naturally 
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explained.  However,  the  surface  terminations  that  result 
from  saturation  exposure  of  the  cld(4  x  4) -like  recon¬ 
struction  to  TMG  (62  and  81  of  Fig.  3)  and  those  that 
are  observed  during  the  H2  purge  (121  and  206)  are  not 
themselves  primary  reconstructions.  Nevertheless,  an 
examination  of  these  data  reveals  several  well-defined 
characteristics.  First,  neither  further  TMG  exposure 
after  saturation  nor  termination  of  TMG  exposure  has 
much  effect  (compare  81  with  62  and  121  with  81 
respectively).  Secondly,  in  all  previous  cases  that  we 
have  studied,  including  the  (3  x  1)  and  (1x6)  recon¬ 
structions  as  well  as  those  of  Fig.  1,  the  2.6  and  4.2  eV 
structures  that  appear  from  50  through  209  have  always 
signaled  the  presence  of  surface  As  [15].  Thus  the 
TMG-saturated  surface  cannot  be  entirely  terminated 
by  Ga.  Thirdly,  on  exposure  to  ASH3  the  H2 -purged 
surface  returns  smoothly  and  directly  to  the  ASH3 -satu¬ 
rated  state  through  the  accumulation  of  first  and  sec¬ 
ond  layers  of  As  (spectra  209,  222  and  248).  Further 
work  has  also  shown  that,  given  enough  time  in  the 
absence  of  As,  this  surface  evolves  to  the  (1x6)- 
(4  X  6)-like  state  [13],  A  steady  increase  in  Ga  dimers 
during  the  H2  purge  can  also  be  deduced  from  the 
negative  trend  of  the  response  at  1.9  eV. 

Chemical  intuition  would  have  the  TMG-saturated 
surface  terminated  by  Ga,  possibly  capped  by  CH3.  If 
this  were  the  case,  we  could  examine  the  above  data  for 
consistency  with  previous  atomic  level  studies  of  the 
interaction  of  TMG  with  Ga- terminated  (001)  GaAs. 
The  longest  directly  observed  residence  times  reported 
for  CH3  on  the  (4  x  6)  and  (4x2)  reconstructions  at 
450  °C  are  about  2  s  [19]*,  which  is  consistent  with  the 
fact  that  the  amount  of  C  remaining  on  TMG-exposed 
surfaces  after  several  seconds  is  invariably  less  than  the 
sensitivity  limit  of  X-ray  photoelectron  spectroscopy  or 
Auger  spectroscopy,  of  the  order  of  0.001  ML  [6,  19, 
24].  In  fact,  a  transient  roughly  2  s  long  is  seen  on 
termination  of  TMG  exposure  in  the  1.95  eV  data  of 
Fig.  2,  but  it  is  small.  Consequently,  if  CH3  is  initially 
present  in  significant  quantities,  we  must  conclude  that 
either  a  substantial  fraction  remains  on  this  surface 
after  TMG  exposure  is  terminated,  in  apparent  contra¬ 
diction  with  the  atomic  level  results,  or  CH3  is  not  a 
significant  factor  in  establishing  the  electronic  (optical) 
properties  of  this  surface. 

This  surface  may  be  related  to  the  (4  x  8)  reconstruc¬ 
tion  observed  by  Chiu  [19]  in  organometallic  molecular 
beam  epitaxy  following  saturation  TMG  exposure  at 


*Recently,  M;  Sato  and  M.  Weyers  (Technical  Digest,  Interna¬ 
tional  Workshop  on  Science  and  Technology  for  Surface  Reaction 
Processes)  reported  CH3  evolution  nominally  from  TMG-saturated 
(001)  GaAs  over  time  scales  of  the  order  of  1  min.  However,  the 
small  temperature  dependence  observed  is  inconsistent  with  typical 
chemisorption  enthalpies. 


550  °C  although  the  connection  is  indirect.  If  one  as¬ 
sumes  that  the  Arrhenius  parameters  determined  be¬ 
tween  430  and  480  °C  by  Kobayashi  and  Horikoshi  [10] 
in  OMCVD  for  the  slow  phase  of  the  recovery  (roughly 
points  95-206)  can  be  extrapolated  to  550  °C,  calcula¬ 
tion  shows  that  the  recovery  should  last  about  13  s  at 
550  °C.  This  is  in  reasonable  agreement  with  the  8  s 
duration  reported  by  Chiu  [19]. 

Pending  a  direct  identification  of  the  RD  spectrum  of 
the  TMG-saturated  c/J(4  x  4)  surface,  we  appear  to  be 
dealing  with  a  metastable  phase  that  is  related  to  the 
(2  X  4) -like  reconstruction  but  which  must  be  reached 
by  either  kinetics  or  pinning  by  appropriate  reactants, 
e.g.  the  double-bonded  C  in  0.001  ML  quantities  ob¬ 
served  by  Annapragada  et  aL  [24].  Other  examples  of 
kinetically  accessed  reconstructions  on  (001)  GaAs  in¬ 
clude  the  (3  X  1)  and  (4  x  6)-(l  x  6)  reconstructions, 
which  can  only  be  obtained  under  certain  conditions  by 
following  specific  procedures  [15].  Although  issues  of 
reactivity  and  connection  to  other  reconstructions  need 
to  be  resolved  with  further  work,  these  results  already 
provide  additional  constraints  that  must  be  satisfied  by 
models  of  ALE  appropriate  to  AP  H2.  For  example, 
except  for  the  cjdiA  x  4) -like  reconstruction,  those  ob¬ 
served  here  have  not  been  seen  previously  under  steady 
state  conditions.  The  results  also  indicate  that  kinetics 
and  thermodynamics  cannot  be  separated  but  must  be 
treated  together,  providing  additional  challenges  for 
performing  detailed  studies  of  ALE  with  atomic  level 
probes. 

3.  Growth  control  with  spectroellipsometry 

The  achievement  of  direct  control  of  layer  composi¬ 
tion  and  thickness  would  also  have  a  substantial  impact 
on  growth  technology.  We  have  also  been  investigating 
ways  of  accomplishing  this  goal.  SE  is  attractive  for  this 
purpose  because  it  is  highly  accurate  and,  if  the  growth 
rate  is  known,  dynamic  ellipsometric  measurements  can 
be  analyzed  for  the  dielectric  response  of  the  outermost 
region  of  a  depositing  layer  independent  of  any  know¬ 
ledge  concerning  previously  deposited  layers  [11,  12]. 
This  eliminates  the  possibility  of  systematic  errors  that 
occur  in  conventional  optical  analysis  if  any  of  the 
parameters  describing  previous  layers  have  been  deter¬ 
mined  incorrectly.  Given  the  dielectric  response  of  the 
outermost  region,  the  composition  can  be  determined. 
Given  the  composition  of  the  outermost  region,  it  is 
possible  to  construct  a  closed-loop  system  that  can 
automatically  adjust  deposition  conditions  to  follow 
predetermined  composition  profiles,  including  graded 
profiles  [12]. 

Our  experiments  illustrating  these  principles  were 
performed  with  a  VG  model  V80H  diffusion-pumped 
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CBE  system  using  triethylgallium  (Ga(C2 115)3,  TEG), 
triisobutylaluminum  ( A1(CH2CH(CH3)2)3 ,  TIBAL) 
and  cracked  ASH3  as  sources  of  Ga,  Al  and  As  respec¬ 
tively.  Growth  temperatures  ranged  between  590  and 
600  °C.  Nearly-strain-free  quartz  windows  [25]  pro¬ 
vided  optical  access  to  the  sample.  A  rotating  polarizer 
variant  of  our  rotating  analyzer  spectroellipsometer  [26] 
was  used  to  obtain  data  at  2.6  eV,  where  the  optical 
parameters  of  Al^Gaj.^As  at  600  °C  change  most 
rapidly  with  composition  x.  Data  were  analyzed  for 
compositions  of  the  outermost  depositing  layers  by  a 
small-term  expansion  similar  to  that  described  previ¬ 
ously  [11]  but  with  an  improved  accuracy  of  better  than 
0.1%.  Possible  contributions  from  surface  terminations 
were  implicitly  taken  into  account  by  referencing  all 
data  to  the  dielectric  response  measured  for  the  GaAs 
buffer  layer.  Calculations  were  done  on-line  and  the 
results  used  to  generate  corrections  to  the  TIBAL  flux 
reaching  the  growth  surface. 

Using  this  system,  we  have  grown  structures  with 
various  composition  profiles,  including  half-wave-rec¬ 
tified  sine  waves  [27]  and  parabolic  wells  [12],  and  have 
analyzed  them  by  secondary  ion  mass  spectrometry, 
photoreflectance  (PR)  and  photoluminescence  (PL). 
The  narrowest  structure  that  we  have  grown  to  date  is 
a  parabolic  Al^Ga^.^^As  quantum  well  200  A  wide. 
The  real-time  control  data  for  this  structure  are  given  in 
Fig.  4.  The  top  part  shows  the  experimentally  deter¬ 
mined  control  parameter  62 (•^)  expressed  as  composi¬ 
tion  jc  and  superimposed  on  the  target  composition 
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Fig.  4.  Control  data  for  the  200  A  Al^Gai„jfAs  parabolic  quantum 
well:  top,  values  of  €2  for  the  running  outer  3.1  A  of  material  expressed 
as  x  and  compared  with  target  values;  center,  difference  between 
determined  and  target  values;  bottom,  control  voltage  (after  ref.  12). 


with  thickness  as  the  running  variable.  The  difference 
between  determined  and  target  values  is  shown  at  the 
center.  The  regulation  voltage  controlling  the  TIBAL 
flux  is  shown  at  the  bottom.  Here  the  GaAs  deposition 
rate  was  0.95  A  s"’  and  the  cycle  time  for  ellipsometric 
measurement,  data  reduction  and  flow  adjustment  was 
0.65  s.  In  each  cycle  approximately  0.08  s  was  used  for 
stabilization,  0.06  s  for  baseline  determination,  0.43  s 
for  data  acquisition  and  0.08  s  for  data  reduction  and 
analysis.  Five  data  points  were  averaged  to  determine  .x, 
which  at  minimum  x  corresponds  to  3.1  A  (1.1  ML)  of 
material.  For  thick  films  of  constant  composition  these 
conditions  lead  to  a  short-term  precision  of  about 
±0.015  in  X. 

The  difference  between  ellipsometrically  determined 
and  target  values  of  x  provides  a  check  on  the  perfor¬ 
mance  of  the  system  and  control  algorithms.  During 
growth  of  the  well  the  average  values  of  x  track  target 
values  to  within  0.01  in  x,  except  for  overshoots  of 
about  0.02  at  the  edges.  These  overshoots  result  from 
the  finite  response  time  of  the  system.  Response  time 
effects  also  lead  to  a  slightly  underdamped  behavior 
that  can  be  seen  most  clearly  in  the  control  voltage. 
These  effects  can  be  modeled  approximately  by  the 
equation  dx(0/d?  x(/ —  T)/r,  where  t  is  the  delay 

time  of  the  loop  and  T  is  related  to  the  fraction  of  the 
calculated  correction  actually  issued  to  the  controller. 

This  structure  is  sufficiently  narrow  to  exhibit  quan¬ 
tum  confinement  in  the  near-band-gap  spectral  region. 
The  PR  spectrum  of  this  sample  shows  five  primary 
features  at  1.43,  1.507,  1.601,  1.692  and  1.81  eV.  The 
1.43  and  1.81  eV  features  arise  from  the  fundamental 
absorption  edges  of  the  GaAs  substrate  and 
Al^Gai_^As  barrier  layers  respectively.  The  remaining 
structures  arise  from  intersubband  transitions  E22 
and  £*33  within  the  parabolic  well  itself,  where  the 
subscripts  indicate  the  principal  quantum  numbers  of 
the  confined  hole  and  electron.  Overlap  considerations 
lead  to  the  conclusion  that  only  those  transitions  with 
the  same  subband  index  need  be  considered.  The  iden¬ 
tity  and  threshold  energy  of  the  E^i  structure  was 
confirmed  by  PL.  A  quantitative  comparison  between 
the  observed  energies  and  those  calculated  for  square, 
parabolic  and  triangular  wells  was  performed.  For  an 
assumed  square  well  profile  all  transition  energies  are 
too  low  and  the  calculation  predicts  a  fourth  level  not 
seen  experimentally.  For  an  assumed  triangular  well 
profile  all  transition  energies  are  too  high.  In  contrast, 
for  an  assumed  parabolic  well  profile  the  energies  of  all 
primary  transitions  are  reproduced  to  within  6meV, 
showing  that  this  compositional  profile  was  achieved. 

The  present  results  indicate  that  real-time  feedback 
control  of  composition  can  be  used  to  grow  quantum 
structures  to  a  high  degree  of  accuracy.  Simple  im¬ 
provements  such  as  providing  anticipatory  information 
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when  X  is  changing  rapidly  with  thickness  and  optimiz¬ 
ing  loop  parameters  should  allow  closed-loop  control  to 
compositional  accuracies  better  than  0.01  in  x.  The 
realization  of  these  capabilities  for  semiconductor  al¬ 
loys  in  general,  not  just  Al^Gaj_^As  in  particular, 
would  greatly  simplify  growth  procedures  by  focusing 
control  issues  on  the  product  instead  of  the  process, 
thereby  reducing  the  need  to  bring  the  process  itself 
under  direct  control. 


4.  Conclusions 

We  have  shown  that  real-time  optical  characteriza¬ 
tion  techniques  are  now  capable  of  providing  structural 
information  about  surfaces  in  real  time  under  actual 
growth  conditions  and  are  also  capable  of  controlling 
composition  directly  by  an  appropriate  analysis  for  the 
dielectric  response  of  near-surface  regions  of  depositing 
layers.  These  capabilities  will  become  increasingly  im¬ 
portant  as  growth  approaches  become  more  sophisti¬ 
cated  and  tolerances  more  stringent. 
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Abstract 

Surface  photo-absorption  (SPA)  is  a  real-time  optical  probe  for  examining  growth  and  gives  us  a  microscopic  insight 
into  atomic  processes  occurring  on  a  growth  surface.  SPA  observations  during  GaAs  and  InP  atomic  layer  epitaxy 
(ALE)  using  trimethyl  Group  III  sources  and  Group  V  hydrides  demonstrate  that  the  adsorption  of  trimethyl  source 
saturates  during  the  trimethyl  source  supply  period  and  that  the  saturated  surface  corresponds  to  a  metastably 
methyl-terminated  surface  with  a  lifetime  of  several  tens  of  seconds.  In  contrast,  when  the  trimethyl  source  is 
supplied  onto  the  Group  III  metal  surface,  an  increase  in  the  SPA  reflectivity  from  the  metal  surface  level  is 
observed,  indicating  that  the  trimethyl  source  molecule  decomposes  on  the  Group  III  metal  surface  via  adsorption. 
These  observations  give  rise  to  the  conclusion  that  the  growth  rate  self-limitation  in  ALE  is  caused  by  the  inhibited 
adsorption  of  excessively  supplied  Group  III  source  molecules  on  the  methyl-terminated  surface,  and  not  by  a 
selective  adsorption  mechanism.  SPA  observation  also  makes  it  possible  to  determine  readily  and  precisely  the 
growth  parameters  for  ALE  which  strongly  depend  on  the  reactor  design  and  the  gas  flow  condition. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  an  attractive  growth 
method,  because  the  epitaxial  layer  thickness  is  highly 
uniform  over  the  whole  area  of  the  substrate.  For  the 
ALE  mechanism  of  GaAs  using  trimethylgallium 
(TMG)  and  arsine,  Nishizawa  and  Kurabayashi  [1] 
proposed  an  inhibited  adsorption  model  that  a  methyl- 
terminated  GaAs  surface  inhibits  further  heterogeneous 
decomposition  of  the  TMG  and  self-limits  the  growth 
rate  to  one  monolayer  (ML)  per  cycle.  On  the  basis  of 
the  experimental  result  that  a  C  peak  was  not  observed 
by  X-ray  photoelectron  spectroscopy  (XPS)  analysis  of 
the  GaAs  surface  after  TMG  exposure  [2,  3],  a  selective 
adsorption  mechanism  was  proposed  [3].  In  this  model, 
TMG  molecule  decomposes  via  a  selective  adsorption 
on  the  As  surface,  immediately  forming  a  Ga  metal 
surface.  Once  the  Ga  metal  surface  is  formed,  exces¬ 
sively  supplied  TMG  molecules  desorb  quickly  from  the 
Ga  surface  prior  to  decomposition,  because  the  adsorp¬ 
tion  of  the  TMG  molecules  on  the  Ga  surface  is  weak. 
Arsine  molecules  also  are  selectively  adsorbed  on  the 
metal  Ga  surface  to  form  an  As  surface.  Memmert  and 
Yu  [4]  measured  methyl  desorption  by  a  combination 
of  pulsed  molecular  beams  and  time-resolved  mass 
spectrometry.  They  reported  that  the  methyl  desorption 
is  too  fast  (a  lifetime  of  3  ms  at  550  °C)  to  attribute  the 
self-limitation  to  the  methyl-terminated  surface.  They 
proposed  a  flux  balance  model  that  TMG  decomposes 


on  the  Ga  surface  but  no  net  Ga  deposition  occurs 
owing  to  a  quick  desorption  of  the  decomposition 
fragments  containing  Ga  species,  such  as  monomethyl- 
gallium. 

Surface  photo-absorption  (SPA)  [5]  has  been  devel¬ 
oped  as  a  real-time  optical  probe  to  examine  epitaxial 
growth  and  is  based  on  measuring  the  reflectivity  of 
p-polarized  light  incident  at  the  Brewster  angle.  This 
optical  geometry  minimizes  the  bulk  reflection,  resulting 
in  a  highly  sensitive  detection  of  reflectivity  change 
caused  by  surface  reactions,  such  as  adsorption  and 
decomposition  of  source  molecules  and  surface  atom 
desorption.  Submonolayer  sensitivity  has  been  demon¬ 
strated  for  the  Ga  deposition  on  the  As  surface  during 
GaAs  metal-organic  chemical  vapor  deposition 
(MOCVD)  [6]  and  molecular  beam  epitaxy  (MBE)  [5]. 
The  real-time  measurement  also  makes  it  possible  to 
determine  the  dynamics  of  the  surface  reactions.  For 
example,  the  decomposition  rate  of  arsine  on  the  Ga 
metal  surface  is  obtained  from  the  reflectivity  decay 
which  corresponds  to  an  increase  in  As  coverage  owing 
to  arsine  heterogeneous  decomposition  [7]. 

In  this  paper,  we  apply  SPA  to  clarify  the  ALE 
mechanism  and  to  control  the  ALE  process  precisely 
through  investigating  TMG  decomposition  on  GaAs 
and  trimethylindium  (TMI)  decomposition  on  an  InP 
surface.  The  microscopic  information  obtained  by  SPA 
determines  explicitly  the  ALE  mechanism.  The  SPA 
monitoring  also  enables  us  to  obtain  readily  and  pre- 
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cisely  the  ALE  growth  parameters  which  strongly  de¬ 
pend  on  the  reactor  design  and  the  gas  flow  conditions. 


2.  Experimental  procedure 

We  used  vertical  and  horizontal  MOCVD  reactors 
with  an  SPA  monitoring  system  as  previously  reported 
[6,  8].  The  total  gas  flow  rate  was  9-10  1  min“^  and  the 
reactor  pressure  was  4-6  kPa.  Under  these  conditions, 
the  gas  flow  velocity  passing  near  the  substrate  is 
estimated  to  be  about  1  ms"^  which  corresponds  to  a 
source  gas  exchange  time  of  less  than  0.1  s.  Also,  p-po- 
larized  monochromatic  light  or  laser  light  irradiates  the 
(001) -oriented  substrate  surface  through  a  chopper  at 
an  incidence  angle  of  70°.  The  power  density  at  the 
substrate  surface  was  about  0.1  mW  cm”^  for  the 
monochromatic  light  and  about  0.1  W  cm“^  for  the 
laser  light.  Under  these  optical  conditions,  the  effect  of 
the  monitoring  light  on  the  growth  rate  was  ignored. 


3.  Results  and  discussion 

3 A.  SPA  study  of  the  Group  III  source 
decomposition  process  and  ALE  mechanism 

The  substrate  temperature  range  which  shows  a 
growth  rate  self-limitation  depends  strongly  on  the  kind 
of  Group  III  source.  Minimizing  the  gas-phase  decom¬ 
position  of  the  Group  III  source  by  using  a  high  gas 
flow  velocity  expands  this  range  to  high  temperatures, 
as  reported  for  pulsed  jet  epitaxy  [9].  For  GaAs  growth 
using  TMG  and  arsine,  ALE  is  usually  achieved  in  the 
temperature  range  between  400  and  500  °C.  When  tri- 
ethylgallium  (TEG)  was  used,  it  has  been  reported  that 
the  ALE  region  becomes  very  narrow  but  exists  at 
about  350  °C  [10],  ALE  of  InAs  and  a  submonolayer 
growth-rate  self-limitation  for  InP  were  observed  at 
about  350  °C  by  using  TMI  as  the  In  source  [11,  12]. 
To  clarify  the  ALE  mechanism,  it  is  important  to  know 
the  decomposition  characteristics  of  the  Group  III 
source  in  the  temperature  range  of  ALE.  First,  we 
studied  the  substrate  temperature  dependence  of  the 
SPA  signal  when  the  Group  III  source  was  supplied 
onto  the  Group  V  surface. 

Figure  1  shows  the  dependence  of  the  SPA  reflec¬ 
tivity  change  (Rni  “  ^v)/^v?  where  denotes  the 
reflectivity  of  the  surface  after  a  constant  amount  of 
Group  III  source  supply  and  Ry  denotes  the  reflectivity 
of  the  Group  V  surface.  In  this  figure,  the  decomposi¬ 
tion  onset  temperature  of  the  Group  III  source  is 
regarded  as  the  temperature  at  which  (i^m  -  i^v)/^v 
starts  to  increase,  because  the  SPA  onset  agreed  well 
with  the  growth-initiating  temperature.  As  might  be 
expected  from  the  bond  strength  between  the  alkyl 


Fig.  1.  Substrate  temperature  dependence  of  the  SPA  reflectivity 
change  when  a  constant  amount  of  Group  III  source  was  supplied 
onto  a  Group  V  surface. 


group  and  Group  III  atom,  TEG  and  triethylindium 
(TEI)  sources  have  lower  onset  temperatures  (300  °C 
for  TEG  [13]  and  230  °C  for  TEI)  than  the  correspond¬ 
ing  trimethyl  sources  (380  °C  for  TMG  [13]  and  270  °C 
for  TMI).  It  has  been  reported  that,  using  mass  spectro¬ 
scopic  analysis  of  the  decomposition  products,  the  de¬ 
composition  onset  temperatures  in  hydrogen  are  375  °C 
for  TMG  [14],  230  °C  [15]  and  250  °C  [16]  for  TEG, 
and  250-275°C  for  TMI  [17].  Even  if  taking  into 
consideration  an  experimental  error  in  the  temperature 
measurement,  a  relatively  good  agreement  was  obtained 
between  the  SPA  and  mass  spectroscopic  results.  The 
temperature  range  which  shows  a  steep  increase  in  the 
(J?i„  —  Rv)IRv  ratio  after  the  onset  of  decomposition  is 
controlled  kinetically.  In  this  region,  an  increase  in  the 
growth  rate  with  the  substrate  temperature  was  ob¬ 
served  also.  The  (Rm  -  Ry,) I Ry  ratio  decreases  after 
showing  peaks.  For  TEG,  when  was  raised  up  to 
650  °C,  (i?Ga  ~  RaJI^as  settles  down  to  the  level  of  the 
Ga  metal  surface  above  550  °C.  The  temperature  region 
above  450  °C  for  TEG  is  mass-transport-controlled, 
because  the  growth  rate  was  almost  independent  of  T^. 
Furthermore,  in  this  region,  from  the  scattering  light 
measurement  [18],  when  the  supplied  amount  of  Ga 
exceeds  1  ML,  scattered  light  from  the  surface  was 
observed.  At  the  low  temperatures  in  the  mass-trans¬ 
port-controlled  region,  when  the  Group  III  source  is 
supplied  to  over  1  ML  deposition,  ■  the  formation  of 
small  metal  droplets  is  assumed  to  be  dominant,  be- 
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cause  the  agglomeration  rate  of  the  droplets  is  consid¬ 
ered  to  be  very  slow  at  low  temperatures.  If  the  droplet 
size  is  smaller  than  the  wavelength  of  the  monitoring 
light,  the  surface  covered  with  the  high  density  of  such 
small  droplets  is  optically  considered  to  be  a  pseudo- 
Group  III  multilayer  on  a  Group  V  plane.  This  surface 
raises  the  SPA  reflectivity  above  the  level  of  1  ML 
metal  coverage  because  of  an  increase  in  the  optical 
dielectric  constant  of  the  surface.  In  fact,  it  was  ob¬ 
served  that  the  SPA  reflectivity  increased  above  1  ML 
deposition  on  the  (001)  As  surface  using  TEG  [13]. 
When  Tg  is  increased,  it  is  expected  that  small  metal 
droplets  agglomerate  into  a  larger  droplet  and  the 
droplet  density  decreases.  The  result  that  the  SPA 
reflectivity  decreased,  as  observed  in  Fig.  1,  when 
was  increased,  is  thought  to  be  caused  by  the  agglomer¬ 
ation  of  the  small  droplets  and  the  decrease  in  the 
droplet  density.  Furthermore,  it  was  observed  that  the 
SPA  reflectivity  saturates  and  the  scattered  light  starts 
to  be  detected  in  the  vicinity  of  1  ML  Ga  deposition 
[18].  Excess  Ga  atoms  supplied  over  1  Ml  coverage 
agglomerate  to  form  a  localized  droplet.  In  the  Ga 
deposition  with  a  small  excess  amount  over  1  ML,  the 
surface  is  approximately  considered  to  be  covered  with 
1  ML  Ga  atoms,  because  the  droplet  density  is  very 
small  owing  to  rapid  agglomeration.  As  a  result,  the 
SPA  reflectivity  saturates  with  an  increase  in  the  TEG 
supply  in  the  vicinity  of  1  ML  Ga  deposition.  However, 
the  size  of  the  Ga  droplets  becomes  large  enough  to 
scatter  the  monitoring  light.  Therefore,  the  scattered 
light  was  observed  when  the  supply  amount  exceeded 
1  ML  coverage. 

In  Fig.  1,  the  temperature  range  for  ALE  is  clearly 
recognized  as  a  shoulder  and  a  plateau  (330  to  350  °C 
for  InP,  and  440  to  500  °C  for  GaAs)  near  the  de¬ 


composition  onset  in  the  plot  for  the  trimethyl  source. 
In  contrast,  the  triethyl  source  shows  no  clear  ALE 
region  in  the  dependence,  presumably  because  of  the 
narrow  ALE  region.  The  ALE  regions  for  the  trimethyl 
sources  and  TEG  (350  °C)  belong  to  the  kinetically 
controlled  region,  in  which  Group  III  source  molecules 
are  transported  onto  the  surface  without  complete  de¬ 
composition  in  the  gas-phase.  Therefore,  it  is  most 
probable  that  alkyl  groups  reside  on  the  surface  with  a 
long  lifetime  after  the  Group  III  source  supply  in  the 
ALE  region. 

The  kinetically  controlled  temperature  region  for 
TMG  including  GaAs  ALE  overlaps  with  the  mass- 
transport-controlled  region  for  TEG.  To  show  clearly 
the  difference  in  decomposition  behavior  between  TMG 
and  TEG,  the  SPA  reflectivity  changes  are  compared  in 
Fig.  2  [19]  in  which  a  1  s  pulse  supply  of  the  Ga  source 
onto  the  As  surface  of  the  (001)  GaAs  is  followed  by  a 
hydrogen  purging  at  470  °C.  The  As  surface  was  stabi¬ 
lized  by  an  ASH3  flow  of  1.5pmols“^  At  this  tem¬ 
perature,  ALE  was  achieved  with  TMG  and  the 
decomposition  belongs  to  the  kinetically  controlled  re¬ 
gion.  The  TEG  decomposition  at  470  °C  belongs  to  the 
mass-transport-controlled  region.  The  amount  of  TEG 
supplied  was  0.2  pmol,  which  corresponded  to 
1  ML  Ga  deposition.  The  reflectivity  increased  with  the 
moment  of  TEG  supplied  and,  during  hydrogen  purg¬ 
ing,  the  reflectivity  was  almost  constant.  This  behavior 
shows  that  the  TEG  molecules  decompose  immediately 
to  Ga  atoms  on  the  As  surface  within  the  time  constant 
of  SPA  signal  detection  (0.1  s).  When  the  TEG  supply 
increased  to  more  than  1  ML  deposition,  the  reflectivity 
also  increased  without  showing  saturation  at  a  coverage 
of  1  ML,  because  of  the  formation  of  small  Ga 
droplets,  as  described  before. 


TEG  1s  pulse  TMG  Is  pulse 


Fig.  2.  Comparison  of  SPA  reflectivity  change  between  TEG  and  TMG  when  a  supply  pulse  of  1  s  onto  the  As  surface  is  followed  by  hydrogen 
purging  at  470  °C.  Tg  =470  °C;  X  —  470  nm;  [TlO]  azimuth. 
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In  contrast,  once  0.6  jamol  of  TMG  has  been  sup¬ 
plied  on  the  As  surface,  a  small  reflectivity  change  of 
Ai?/i?As  =  7  X  10”^  was  initially  observed.  The  reflec¬ 
tivity  then  increased  slowly  to  the  saturation  level  of 
ARIR/^^  =  3  X  10"^  which  is  the  same  as  the  1  ML 
metal  Ga  deposition  obtained  using  TEG.  The  TMG 
supply  of  0.6  jxmol  is  enough  to  achieve  an  ALE 
growth  of  1  ML  cycle"’.  The  initial  reflectivity  change 
in  Fig,  2  shows  the  self-limitation,  i.e.  the  reflectivity 
change  saturates  as  the  TMG  supply  increases.  Figure 
3  shows  the  initial  reflectivity  change  as  a  function  of 
the  amount  of  TMG  in  a  supply  pulse  of  1  s  at 
7^3  =  440,  455,  470,  485  and  520  °C  [19].  Below  485°C, 
the  reflectivity  change  shows  a  self-limitation  with  a 
saturation  value  of  A  RjR^^  —  l  x  10”^.  The  growth- 
rate  self-limitation  to  1  ML  cycle"’  was  confirmed 
experimentally  at  Tg  =  470  and  485  °C  using  an  alter¬ 
nating  supply  of  TMG  and  arsine.  At  =  520  °C,  no 
self-limitation  was  observed  in  either  the  reflectivity 
change  or  growth-rate. 

A  large  difference  observed  in  the  decomposition 
between  TEG  and  TMG  is  caused  by  the  bond 
strength  difference  between  the  alkyl  group  and  Ga 
atom.  At  470  °C,  the  TEG  molecules  release  all  the 
ethyl  groups  at  the  moment  of  TEG  adsorption  on  the 
As  surface  to  form  a  Ga  metal  surface.  In  contrast, 
from  the  experimental  result  that  TMG  shows  a 
smaller  reflectivity  change  compared  with  that  for  a 
Ga  metal  surface  formation  by  TEG,  a  TMG 
molecule  releases  at  least  one  methyl  group  to  combine 
with  surface  As  atoms  at  the  moment  of  adsorption. 
However,  it  is  most  probable  that  methyl  groups  are 
left  on  the  surface  after  the  TMG  supply  to  form  a 


Fig.  3.  Initial  reflectivity  change  as  a  function  of  the  amount  of  TMG 
at  r,  =  440,  455.  470,  485  and  520  “C. 


metastably  methyl-terminated  surface  which  shows  a 
smaller  reflectivity  at  470  nm  than  that  for  a  Ga  metal 
surface.  This  hypothesis  is  strongly  supported  by  the 
SPA  reflectivity  behavior  during  hydrogen  purging  and 
by  the  purging  period  dependence  of  C  acceptor  incor¬ 
poration,  as  is  described  later. 

The  surface  which  showed  a  reflectivity  saturation 
during  hydrogen  purging  was  identified  as  a  1  ML  Ga 
metal  surface  by  the  spectral  dependence  measurement 
[19],  i.e.  the  SPA  spectrum  of  this  surface  agreed  with 
that  of  the  1  ML  Ga  metal  surface  obtained  using 
TEG.  Therefore,  the  reflectivity  increase  during  hydro¬ 
gen  purging  is  consistent  with  the  formation  of  a  Ga 
surface  by  methyl  group  desorption  from  the  methyl- 
terminated  surface. 

By  the  successive  formation  of  an  As  surface,  a 
large  portion  of  the  methyl  groups  desorb  as  methane 
via  the  reaction  with  arsine,  but  residual  methyl 
groups  are  incorporated  as  a  C  acceptor  into  As  sites 
of  the  GaAs.  Therefore,  a  decrease  in  C  incorporation 
with  an  increase  in  the  purging  period  is  expected. 
Figure  4  shows  the  average  sheet  hole  density  which 
corresponds  to  the  density  of  a  C  acceptor  incorpo¬ 
rated  as  a  function  of  the  hydrogen  purging  period  at 

=  470  °C  [19].  The  layer  structure  was  fabricated  by 
repeating  50  insertions  of  1  ML  of  ALE-grown  GaAs 
layers  after  every  undoped  GaAs  layer  50  nm  thick 
grown  by  TEG.  The  purging  period  after  TMG  supply 
was  kept  constant  in  one  sample.  The  average  sheet 
hole  density  was  obtained  from  the  structure  with  a 
total  of  50  ML  of  ALE-grown  GaAs  isolated  by  an 
undoped  GaAs  layer.  The  undoped  GaAs  layer  was 
n-type  with  a  carrier  concentration  of  less  than 
10’^  cm”^,  so  the  effect  of  the  undoped  layer  on  the 
estimation  of  the  average  sheet  hole  density  was  negli¬ 
gible.  As  expected,  the  average  sheet  hole  density  de¬ 
creased  from  6.4  x  10”  to  5.8  x  10’®  cm"^  when  the 
purging  period  increased  from  1  s  to  3  min.  Further¬ 
more,  the  rate  of  decreasing  sheet  hole  density  (about 
1  X  10"^s"’)  agrees  with  the  increased  rate  of  reflectiv¬ 
ity  during  hydrogen  purging.  These  findings  are  consis¬ 
tent  with  the  TMG  molecule  decomposing  with  the 
remaining  methyl  groups  to  form  a  metastably  methyl- 
terminated  surface  in  the  TMG  supply  period  at  ALE 
growth  temperatures. 

From  the  dynamics  of  methyl  group  desorption, 
the  stability  of  the  methyl-terminated  surface  is  esti¬ 
mated.  The  reflectivity  change  caused  by  the  methyl 
group  desorption  was  described  by  the  first-order  ki¬ 
netics  except  the  initial  stage  of  desorption.  Figure  5 
shows  an  Arrhenius  plot  of  the  rate  constants  for 
methyl  group  desorption  [19].  The  rate  equation  ob¬ 
tained  was 

/c  =  10"^exp[-1.39(eV)/7^T]  (s"’) 
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Fig.  4.  Average  sheet  hole  density  and  reflectivity  increase  as  a 
function  of  hydrogen  purging  duration  at  470  °C. 
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Fig.  5.  Arrhenius  plot  of  rate  constants  for  methyl  group  desorption. 

where  R  is  the  gas  constant.  The  desorption  lifetime, 
which  corresponds  to  the  stability  of  the  methyl-termi¬ 
nated  surface,  increases  from  50  to  172  s  when 


decreases  from  485  to  440  °C.  Therefore,  these  values 
are  large  enough  to  support  the  inhibited  adsorption 
mechanism  that  a  metastably  methyl-terminated  surface 
inhibits  further  heterogeneous  decomposition  of  the 
TMG  and  self-limits  the  growth-rate  to  1  ML  cycle 

The  selective  adsorption  mechanism  is  based  on  the 
assumption  that  the  adsorption  of  the  TMG  molecules 
on  the  Ga  metal  surface  is  so  weak,  such  that  the  TMG 
molecules  desorb  quickly  prior  to  decomposition.  The 
possibility  of  this  mechanism  was  studied  by  SPA  ob¬ 
servation  of  TMG  supply  onto  the  Ga  metal  surface. 
Figure  6  shows  the  SPA  reflectivity  trace  of  ALE 
growth  followed  by  hydrogen  purging  for  5  min,  a  1  s 
pulse  supply  of  TMG  and  another  hydrogen  purge.  A 
Ga  metal  surface  was  formed  by  the  first  hydrogen 
purge.  Therefore,  the  last  1  s  supply  of  TMG  corre¬ 
sponds  to  the  TMG  supply  onto  the  Ga  metal  surface. 
If  the  TMG  molecules  desorb  quickly  from  the  Ga 
metal  surface  prior  to  decomposition,  no  reflectivity 
change  is  expected.  However,  a  reflectivity  increase  was 
observed  for  TMG  supply  onto  the  Ga  surface,  indicat¬ 
ing  that  the  TMG  decomposes  on  the  Ga  surface  via 
adsorption  and  that  net  Ga  decomposition  occurs  on 
the  Ga  metal  surface.  Therefore,  this  result  refutes  not 
only  the  selective  adsorption  model  but  also  the  flux 
balance  model,  in  which  TMG  decomposes  on  the  Ga 
metal  surface  but  no  net  Ga  deposition  occurs. 

The  SPA  observation  for  TMI  decomposition  on 
the  P  surface  of  (001)  InP  [20]  demonstrated  a  simi¬ 
lar  characteristic  to  that  obtained  for  TMG  decomposi¬ 
tion.  Figure  7  shows  the  SPA  reflectivity  change 
~  ^p)/^p  a  function  of  the  amount 
of  TMI  supplied  in  a  pulse  of  1  s  at  Tg  =  350,  365,  380 
and  400  °C,  where  is  the  reflectivity  of  the  P-stabi- 
lized  InP  surface  and  is  the  reflectivity  just  after 
the  TMI  supply.  The  P  surface  was  stabilized  by  a  PH3 
flow  rate  of  6  pmol  The  reflectivity  change  shows  a 
self-limitation  at  =  350  °C,  i.e.  AR/Rp  saturated  at 
2.7  X  10"^  as  the  TMI  supply  amount  increased.  The 
temperature,  showing  self-limitation,  was  found  as  a 
shoulder  in  the  dependence  shown  in  Fig.  1  and 
belongs  to  the  kinetically  controlled  region.  Therefore, 
in  the  same  manner  as  the  TMG  decomposition,  the 
adsorption  of  TMI  molecules  saturates  and  the  satu¬ 
rated  surface  corresponds  to  the  metastably  methyl-ter¬ 
minated  surface  at  350  °C. 

Methyl  group  desorption  was  also  observed  for  TMI. 
Figure  8  shows  the  reflectivity  change  during  hydrogen 
purging  after  a  1  s  pulse  supply  of  TMI.  The  amount  of 
TMI  varied  from  0.1  to  0.6  pmol.  For  a  supply  of 
0.6  pmol,  the  TMI  adsorption  is  saturated.  The  reflec¬ 
tivity  change  caused  by  methyl  group  desorption  from 
the  methyl-terminated  surface  can  be  described  by  first- 
order  kinetics.  The  methyl  desorption  rate  was 
3.0  X  10”^  s”S  or  a  lifetime  of  34  s  at  Tg  ==  350  °C.  This 
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Fig.  6.  SPA  reflectivity  change  with  ALE  growth  followed  by  hydrogen  purging  for  5  min,  a  1  s  pulse  supply  of  TMG  and  further  hydrogen 
purging. 
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Fig.  7.  Initial  reflectivity  change  as  a  function  of  the  amount  of  TMI 
supplied  onto  the  P  surface  of  InP  at  =  350,  365,  380  and  400  °C. 

value  is  large  enough  to  support  the  inhibited  adsorp¬ 
tion  mechanism.  From  an  Arrhenius  plot  of  the  desorp¬ 
tion  rates,  the  rate  equation  obtained  was 

exp[(-1.8  (eV)/i?r] 

The  large  difference  in  pre-exponential  factor  between 
TMG  (10'^'^)  and  TMI  (10^^-^)  is  consistent  with  the 
bond  strength  difference  between  methyl-Ga  and 
methyl-In.  For  a  supply  of  0.1  pmol,  the  coverage  of 
TMI  is  estimated  to  be  less  than  25%.  During  hydrogen 
purging,  P  desorption  occurs  simultaneously.  The  ob- 


Fig.  8.  Reflectivity  change  during  hydrogen  purging  after  a  i  s  pulse 
supply  of  TMI  onto  the  P  surface  of  InP  at  =  350  *^0. 

served  desorption  rate  of  1.9  x  10“^  s“^  is  slower  than 
the  methyl  group  desorption  and  is  close  to  the  P 
desorption  at  350  °C  [21].  This  result  confirms  the 
methyl  group  desorption  by  distinguishing  it  from  P 
desorption. 

3.2.  In  situ  monitoring  and  controlling  of  ALE 

So  far,  the  ALE  growth  parameters,  such  as  the 
substrate  temperature  and  source  supply  period,  have 
been  determined  through  macroscopic  thickness  mea¬ 
surements  after  growth.  By  observing  in  situ  a  methyl- 
terminated  surface  and  the  formation  of  the  Group  V 
surface,  we  can  determine  readily  and  precisely  the 
growth  parameters  which  are  affected  greatly  by  the 
reactor  design  and  gas  flow  condition. 

Figure  9  shows  the  TMG  flow  duration  dependence 
of  the  SPA  reflectivity  at  =  470  °C  with  a  constant 
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Fig.  9.  TMG  flow  duration  dependence  of  SPA  reflectivity  at  7;  =  470  °C  with  X  =470nm  and  [110]  azimuth. 


TMG  flow  rate  of  0.4|imols“^  For  durations  longer 
than  3  s,  a  plateau  of  =  7x10“^  was  observed, 

indicating  that  the  surface  is  metastably  methyl  termi¬ 
nated.  However,  at  durations  of  15  and  20  s,  a  further 
increase  in  the  reflectivity  was  observed  after  about 
10  s.  This  indicates  that  the  inhibited  adsorption  is  not 
maintained  owing  to  the  methyl  group  desorption  fol¬ 
lowed  by  the  adsorption  and  decomposition  of  TMG 
molecules  on  the  partially  formed  Ga  metal  surface.  As 
shown  in  Fig.  6,  TMG  molecules  can  adsorb  and 
decompose  on  a  Ga  metal  surface. 

Figure  10  shows  the  SPA  reflectivity  change  when  the 
TMG  flow  duration  is  increased  at  ~  450,  470  and 
490  °C.  The  duration  needed  to  maintain  a  methyl- ter¬ 
minated  surface  increases  from  10  s  at  470  °C  to  18  s  at 
450  °C.  This  is  consistent  with  the  experimental  result 
that  the  lifetime  of  methyl  group  desorption 
increases  from  77  s  (470  °C)  to  142  s  (450  °C).  At 
490  °C,  the  reflectivity  increased  almost  linearly,  indi¬ 
cating  that  a  methyl-terminated  surface  cannot  be 
maintained  with  a  sufficient  lifetime  for  inhibited  ad¬ 
sorption.  These  results  show  that  the  growth  parame¬ 
ters  for  ALE  can  be  precisely  determined  by  SPA. 


Fig.  10.  SPA  reflectivity  change  when  TMG  flow  duration  increased 
at  T,  =  450,  470  and  490  "C. 


For  InAs  ALE,  a  growth  rate  self-limitation  to  1  ML 
cycle” ^  has  been  reported  [11,  12].  However,  for  InP,  a 
self-limitation  to  less  than  1  ML  cycle” ^  also  has  been 
reported  [11,  12].  Figure  11  shows  the  comparison  of 
Group  V  hydride  reactivity  between  a  Group  III  metal 
surface  and  a  methyl-terminated  surface.  For  GaAs, 
first,  arsine  was  supplied  for  12  s  onto  the  Ga  metal 
surface.  After  hydrogen  purging  for  1  s,  TMG  was 
supplied  for  3  s,  followed  by  a  hydrogen  purging  for  1  s 
and  arsine  supply.  The  second  arsine  supply  corre¬ 
sponds  to  the  supply  onto  the  methyl-terminated 
surface.  It  is  seen  clearly  that  the  arsine  decomposition 
rate  is  slower  on  the  methyl-terminated  surface 


Fig.  11.  Comparison  of  Group  V  hydride  reactivity  between  Group 
III  metal  surface  and  methyl-terminated  surface  for  arsine/GaAs  and 
phosphine/InP. 
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(0.075  s"’)  than  on  the  Ga  metal  surface  (0.37  s“^).  In 
the  practical  ALE  condition,  about  10  times  the 
amount  of  arsine  (3  pmol)  is  used,  so  the  formation  of 
the  As  surface  is  completed  within  5  s.  For  InP,  the 
slow  decomposition  of  phosphine  on  the  methyl-termi¬ 
nated  surface  also  was  observed.  Regardless  of  the 
large  amount  of  phosphine  (6  pmol),  it  takes  about 
3  min  to  obtain  a  P  surface.  Therefore,  it  is  concluded 
that  the  InP  growth  rate  self-limitation  to  a  submono¬ 
layer  is  caused  by  a  slow  decomposition  of  the  phos¬ 
phine  on  the  methyl-terminated  surface.  Photo-assisted 
or  thermally  assisted  methyl  group  desorption  im¬ 
proves  the  growth  rate  per  cycle  in  InP  ALE.  In  fact, 
methyl  group  desorption  using  hydrogen  purging  for 
1  min  raised  the  growth  rate  per  cycle  from  0.37  ML 
to  0.89  ML  [20]. 

4.  Conclusions 

We  applied  SPA  to  the  study  of  Group  III  source 
decomposition  characteristics  on  a  substrate  surface. 
The  microscopic  information  obtained  by  SPA  deter¬ 
mined  explicitly  the  ALE  mechanism.  The  SPA  moni¬ 
toring  also  enabled  us  to  obtain  readily  and  precisely 
the  ALE  growth  parameters. 
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Abstract 

Thermal  and  laser-assisted  decomposition  of  trimethylgallium  (TMG)  and  triethylgallium  (TEG)  on  GaAs  surfaces 
under  atomic  layer  epitaxy  (ALE)  processing  conditions  were  monitored  in  real  time  using  the  (SPA)  surface 
photo-absorption  reflectivity  technique  to  elucidate  the  mechanism  of  self-limiting  deposition.  When  As-terminated 
(001)  GaAs  surfaces  held  between  340  and  390  °C  were  exposed  to  TMG,  the  SPA  reflectivity  decreased  to  a  steady 
state,  indicative  of  alkylgallium  on  the  surface.  Upon  laser  irradiation,  this  surface  changed  to  an  ‘intermediate’ 
steady  state  surface  that  was  found  to  be  in  equilibrium  with  gas-phase  alkylgallium  species.  Alkyl  species  then 
desorb  from  this  surface  when  the  TMG  flow  is  stopped,  leaving  a  self-limited  deposit  of  Ga  on  the  surface.  No 
self-ljixiiting  deposition  of  Ga  could  be  detected  using  TEG  in  laser-assisted  ALE  or  thermal  ALE.  In  this  case,  the 
observation  of  self-limiting  alkylgallum  deposition  could  explain  successful  ALE  growth  using  TEG. 


1.  Introduction 

The  layer-by-layer  growth  of  GaAs  that  is  possible 
using  atomic  layer  epitaxy  (ALE)  recently  has  been 
extended  to  a  laser-assisted  technique,  whereby,  taking 
advantage  of  a  photo-enhanced  reaction,  selected-area 
ALE  growth  at  reduced  substrate  temperatures  is  possi¬ 
ble  [1,  2].  This  laser-assisted  ALE  (LALE)  is  extremely 
interesting  because  of  its  potential  use  in  patterned 
growth  and  novel  structure  formation  with  growth  con¬ 
trol  in  both  lateral  and  vertical  dimensions. 

In  both  ALE  and  LALE,  the  control  of  growth  to 
one  monolayer  is  achieved  by  directing  group  III  (usu¬ 
ally  a  trialkylgallium)  and  group  V  (usually  arsine) 
source  gases  in  an  alternating  sequence  to  a  heated 
substrate,  where  they  undergo  self-limiting  decomposi¬ 
tion.  Thermal  ALE  growth  has  been  successfully  re¬ 
ported  on  substrates  from  470  to  510 '’C  [3-5],  with 
one  report  as  low  as  450  °C  [6].  By  exposing  the  grow¬ 
ing  surface  to  light  of  the  proper  wavelength  during 
trialkylgallium  dosing,  LALE  growth  is  possible  at 
substrate  temperatures  from  330  to  420  °C  [7].  LALE 
growth  also  is  possible  using  either  trimethylgallimn 
(TMG)  or  triethylgallium  (TEG),  though  only  one 
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instance  of  thermal  ALE  using  TEG  has  ever  been 
reported  [8]. 

Currently,  use  of  these  techniques  for  high  quality 
crystal  growth  is  limited  by  a  poor  definition  of  the 
proper  process  conditions  and  uncontrollable  C  incor¬ 
poration  from  the  group  III  source  gas  {i.e.  TMG). 
These  problems  have  prompted  numerous  studies  and 
the  proposal  of  many  mechanisms  to  describe  the  self- 
limiting  growth  [9-16].  Even  with  this  wealth  of  infor¬ 
mation,  confusion  still  exists  as  to  how  growth  stops  at 
one  layer  per  gas  sequence.  Because  of  the  C  contami¬ 
nation,  most  attention  has  focused  on  the  TMG  se¬ 
quence  and  Ga  surface.  In  fact,  a  recent  study  has 
shown  directly  the  presence  of  three  or  more  As-con¬ 
taining  layers  on  the  GaAs  surface  after  the  arsine 
sequence,  further  stressing  the  importance  of  TMG 
decomposition  [17].  With  growth  studies  and  using 
mass  spectrometry  (TPD),  it  has  been  shown  that  alkyl 
groups  stay  on  the  substrate  surface  before  desorbing  at 
500  °C,  and  that  excess  Ga  deposits  on  the  surface  at 
higher  temperatures  during  TMG  exposure  [12].  This 
has  led  to  the  proposal  that  the  adsorbed  alkyl  species 
prevent  further  decomposition  of  TMG  on  the  surface, 
thereby  limiting  the  growth.  This  mechanism  has  been 
supported  by  other  mass  spectrometric  measurements 
(TPD,  TP  secondary  ion  mass  spectroscopy),  low  en¬ 
ergy  electron  diffraction  (LEED)  [9,  10,  13,  14]  and 


0040-6090/93/$6.00 


©  1993  —  Elsevier  Sequoia.  All  rights  reserved 


J.  P,  Simko  et  ai  /  Laser -assisted  ALE  growth  of  GaAs 


41 


direct  observation  using  in  situ  optical  techniques 
(reflectance  difference  spectroscopy  [18],  surface  photo¬ 
absorption  (SPA)  [19]).  Another  proposed  mechanism 
(called  ‘flux-balance’)  supported  by  such  data  involves 
an  equilibrium  between  adsorbed  alkylgallium  species 
and  those  in  the  gas  phase,  thereby  keeping  the  amount 
of  Ga  on  the  surface  constant  [11].  Other  mechanisms 
have  been  proposed  [5,  15,  16]. 

Although  closely  related  to  thermal  ALE,  few  mecha¬ 
nistic  studies  of  the  LALE  process  have  been  performed 
[7,  20].  Since  similarities  between  the  two  processes  are 
numerous  and  the  self-limiting  growth  mechanism  is 
not  completely  understood  for  either  case,  a  compara¬ 
tive  study  between  LALE  and  thermal  ALE  was  per¬ 
formed  using  both  TMG  and  TEG  as  the  group  III 
sources.  The  results  show  the  first  real-time  observation 
of  the  growing  surface  during  LALE.  The  SPA  reflec¬ 
tivity  measurement  technique  was  used  to  monitor  the 
GaAs  surface  in  situ  during  LALE  processing  [21],  This 
technique  involves  measuring  the  intensity  of  p-polar- 
ized  light  reflected  from  a  surface  at  the  Brewster’s 
angle,  where  the  substrate  reflectivity  is  at  a  minimum. 
At  such  a  condition,  reflectivity  changes  of  the  order  of 
1%  are  detectable  when  a  monolayer  of  adsorbate  is 
present  on  the  surface. 

Using  this  technique,  three  different  surface  condi¬ 
tions  were  detected  on  GaAs  during  TMG  exposure 
and  were  attributed  to  various  steps  in  the  decomposi¬ 
tion  of  TMG  to  Ga.  Self-limiting  Ga  deposition  was 
also  observed  using  TMG  and  was  attributed  to  an 
equilibrium  between  alkylgallium  species  on  the  sub¬ 
strate  surface  and  the  gas  phase,  similar  to  the  proposed 
‘flux-balance’  mechanism  [11].  No  self-limiting  Ga  de¬ 
position  was  detected  when  using  TEG  for  either  LALE 
or  thermal  ALE.  Successful  LALE  when  using  TEG 
could  be  explained  by  the  self-limiting  deposition  of 
alkylgallium  under  the  proper  process  conditions. 

2.  Experimental  details 

Experiments  reported  here  involved  monitoring  GaAs 
surfaces  by  SPA  during  exposure  to  process  conditions 
similar  to  those  for  typical  LALE  and  thermal  ALE  in 
order  to  determine  what  changes  the  surfaces  undergo  at 
each  step  of  the  ALE  sequence.  Unlike  conventional 
ALE,  the  gas  pulse  and  purge  durations  used  here  were 
determined  by  allowing  the  surface  to  reach  a  steady 
state,  as  monitored  by  SPA,  which  operated  continu¬ 
ously  during  all  the  process  phases.  Arsine  was  used  as 
the  As  source  gas,  while  either  TMG  or  TEG  was  used 
as  the  Ga  source.  Substrate  temperatures  from  300  to 
450  °C  were  investigated. 

Samples  used  for  the  experiments  were  1  cm^  (001) 
p-type  GaAs  that  were  degreased  and  acid  etched  to 


remove  impurities  and  surface  oxide  before  being  indi¬ 
vidually  placed  on  a  graphite  susceptor  in  a  two-walled 
quartz  reactor  chamber.  After  evacuating  the  chamber, 
each  sample  was  then  heated  to  700  °C  in  10  Torr  of  5% 
ASH3  in  H2  for  15  min  to  remove  any  remaining  oxide. 

The  chamber  base  pressure  was  1  x  10“^  Torr  and  is 
schematically  shown  in  Fig.  1  along  with  the  SPA 
apparatus.  During  processing,  the  sample  was  kept 
under  a  constant  H2  flow  of  2400  seem,  making 
the  operating  pressure  10  Torr.  During  each  respective 
gas  pulse  step,  either  lxl0“^mols“’  TMG  flux 
(0.0017  Torr  partial  pressure)  or  6  x  10“^  mol  s“^  TEG 
flux  (0.0009  Torr),  and  5  x  10"^  mol  s"*  arsine  flux 
(0.35  Torr)  were  fed  to  the  sample.  The  laser  power 
from  an  Ar'*'  laser  directed  normal  to  the  surface  was 
kept  constant  at  120  Wcm"^.  This  radiation  produced 
a  temperature  rise  that  has  been  calculated  to  be  less 
than  40  °C  [7]. 

The  SPA  apparatus  was  a  lOmW,  488  nm  line  from 
another  Ar*^  laser,  and  is  shown  in  Fig.  1.  The  light 
source  was  polarized  parallel  to  the  plane  of  incidence 
of  the  sample  and  incident  in  the  [110]  direction  of  the 
sample  at  68°  from  the  normal.  It  was  also  focused  to 
a  point  within  the  irradiation  area  of  the  process  laser, 
so  the  effects  of  the  laser  process  could  be  monitored. 
The  light  source  was  modulated  at  330  Hz  using  a 
chopper  and  the  output  from  the  Si  pin  diode  1  cm  in 
diameter  was  fed  through  a  lock-in  amplifier  to  increase 
the  signal-to-noise  ratio.  The  amplified  signal  was 
recorded  on  a  chart  recorder.  Because  the  same  type  of 
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laser  was  used  for  both  the  process  beam  and  the  SPA 
monitoring  beam,  scattered  light  during  process  laser 
irradiation  had  to  be  subtracted  from  the  SPA  signals 
manually. 


3.  Results  and  discussion 

3.1.  Trimethylgallium 

Figure  2  shows  a  schematic  comparison  of  typical 
SPA  signals  taken  from  GaAs  at  =  360  °C  during 
exposure  to  an  ALE-type  growth  sequence  with  and 
without  laser  irradiation  (real  data  are  shown  in  Fig.  3 
for  comparison).  The  possible  identities  of  the  surface 
species  present  are  also  shown  and  are  discussed  below. 
For  the  purely  thermal  case  (upper  curve),  a  decrease  in 
the  signal  to  a  steady  state  is  detected  when  TMG  is 
directed  to  the  As-terminated  surface.  This  surface  is 
stable,  even  when  the  TMG  flow  is  halted,  and  only 
recovers  after  exposure  to  arsine  for  over  200  s.  The 
growth  rate  studies  at  this  temperature  showed  growth 
to  be  of  the  order  of  0.1  monolayers  per  cycle,  indicat¬ 
ing  that  much  less  than  one  monolayer  of  Ga  is  present 
in  this  state  [3].  While  unambiguous  identification  of 
this  surface  is  impossible  with  a  single  wavelength  tech¬ 
nique,  a  theoretical  calculation  for  a  GaAs  surface 
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Fig.  2.  Schematic  diagram  of  typical  SPA  signals  detected  from  GaAs 
through  the  gas  sequencing  steps  of  ALE  with  (lower)  and  without 
(upper)  laser  exposure.  Substrate  temperature  is  360  °C.  Probable 
surface  species  are  shown  for  each  stable  state  reached  during  the 
sequence. 
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Fig.  3.  Comparison  of  typical  SPA  signals  detected  during  single  and 
two-consecutive  TMG  gas  pulse  sequences  to  GaAs  at  360  ‘'C:  (a) 
surface  exposed  to  only  one  pulse  of  TMG;  (b)  GaAs  exposed  to  two 
consecutive  TMG  pulses. 

covered  with  alkyl  species  showed  that  the  SPA  signal 
should  decrease  and  that  the  surface  is  most  likely 
covered  with  alkylgallium  [22].  Mass  spectrometric 
studies  have  also  shown  that  the  surface  at  this  temper¬ 
ature  is  either  monomethylgallium  [14]  or  diethylgal- 
lium  [12,  13],  supporting  this  conclusion. 

If  the  substrate  is  exposed  to  the  laser  during  TMG 
exposure  (lower  curve  in  Fig.  2),  the  SPA  signal  de¬ 
creases  further  to  a  different  steady  state  than  the 
alkylgallium  state  seen  in  the  purely  thermal  case.  This 
‘intermediate’  step  is  only  stable  under  continued  TMG 
flux,  as  can  be  seen  in  its  transformation  to  a  high 
reflectivity  state  when  the  TMG  flow  is  turned  off.  This 
high  reflectivity  state  has  been  examined  using  reflection 
high  energy  electron  diffraction  during  migration- 
enhanced  epitaxy  and  shown  to  be  indicative  of  a  Ga 
layer  on  the  surface  [21].  When  the  arsine  is  introduced, 
the  SPA  signal  quickly  returns  to  the  original  signal 
detected  under  As-terminated  conditions,  indicating 
that  the  Ga  surface  has  reacted  with  the  arsine.  A 
growth  rate  study  of  LALE  for  these  conditions  also 
yielded  monolayer  per  cycle  growth,  indicating  that 
these  conditions  provide  self-limiting  Ga  deposition  [1, 

7]. 

Because  the  ‘intermediate’  step  is  only  stable  under 
both  TMG  and  laser  exposure,  its  exact  identification  is 
difficult.  Therefore,  to  gain  more  understanding  of  what 
this  ‘intermediate’  might  be,  and  to  investigate  self-lim¬ 
iting  Ga  deposition,  an  experiment  with  two  consecu¬ 
tive  TMG  pulses  was  perforrhed  and  is  compared  with 
a  one-pulse  experiment  in  Fig.  3.  These  typical  exam¬ 
ples  of  real  data  traces  show  that  reflectivity  changes  of 
0.5%-2%  are  detected  as  the  surface  reaches  different 
steady  states  during  exposure  to  TMG  and  the  laser. 
The  steady  states  take  about  10-30  s  to  be  reached, 
depending  on  the  process  step. 
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Fig.  4.  Schematic  diagram  of  the  data  presented  in  Fig.  3.  Compari¬ 
son  of  typical  SPA  signals  detected  during  single  and  two-consecutive 
TMG  gas  pulse  sequences  to  As-terminated  GaAs  at  360  °C. 


A  simplified  view  of  these  data  is  shown  exaggerat¬ 
edly  in  the  schematic  diagram  of  Fig.  4.  The  SPA  curve 
plotted  for  the  one-pulse  experiment  directly  corre¬ 
sponds  to  the  lower  curve  shown  in  Fig.  2  and  has  been 
explained  previously.  The  lower  curve  shows  the  signal 
obtained  during  TMG  exposure  of  the  Ga  surface  and 
shows  three  interesting  results.  First,  the  ‘intermediate’ 
step  is  re-established,  even  though  laser  exposure  is  not 
present,  indicating  that  further  TMG  exposure  destroys 
the  Ga  surface.  Then,  turning  the  laser  on  causes  no 
change  in  the  ‘intermediate’  level.  This  indicates  that 
the  extra  energy  provided  by  the  laser  is  needed  to 
break  alkylgallium  bonds  when  no  Ga  metal  is  present. 
Once  Ga  metal  is  produced,  the  interaction  between  the 
surface  and  gas  phases  is  able  to  re-establish  the  ‘inter¬ 
mediate’  level  without  extra  energy.  The  third  result  is 
that  the  same  Ga  level  is  recovered  once  the  TMG  flow 
is  stopped,  showing  that  Ga  deposition  is  indeed  self- 
limiting.  Further  switching  on  and  off  of  the  TMG  and 
laser  pulses  in  the  sequence  shown  always  led  to  alter¬ 
nation  between  the  ‘intermediate’  step  and  the  Ga 
surface,  showing  that  it  is  a  reversible  process.  There¬ 
fore,  self-limiting  Ga  deposition  is  obtained  through  an 
equilibrium  between  the  alkylgallium  species  on  the 
substrate  surface  and  those  in  the  gas  phase,  analogous 
to  the  ‘flux  balance’  mechanism  [11].  When  TMG  is 
present,  alkylation  of  the  Ga  surface  occurs  reversibly 
and,  when  all  the  alkylgallium  species  are  removed 
from  the  gas  phase,  those  remaining  on  the  surface 
desorb.  This  same  behavior  was  detected  on  samples 
ranging  in  temperature  from  340  to  390  °C,  with  the 


only  difference  being  the  rate  at  which  the  steady  states 
were  established.  At  temperatures  lower  than  340  °C, 
evolution  of  the  Ga  surface  did  not  occur,  while  contin¬ 
uous  deposition  of  Ga  was  observed  for  temperatures 
above  410  °C. 

Although  self-limiting  Ga  deposition  has  been  ob¬ 
served,  identification  of  the  ‘intermediate’  surface  still 
could  not  be  made.  Two  simple  models  of  the  ‘interme¬ 
diate’  can  be  easily  constructed  to  explain  the  observed 
results  but  are  not  discernible  using  SPA.  One  model 
involves  exchange  reactions  directly  between  the  exist¬ 
ing  Ga  metal  surface  and  the  gas  phase  species.  This 
could  involve  both  alkylation  of  the  Ga  surface  and 
then  the  possibility  of  alkylgallium  exchange  between 
the  surface  and  gas  phase  species.  When  the  TMG 
supply  is  stopped,  desorption  of  the  remaining  methyl 
groups  on  the  surface  would  restore  the  Ga  surface. 
The  other  explanation  involves  the  adsorption  of  an 
alkylgallium  layer  on  top  of  the  existing  Ga  layer.  The 
same  reactions  as  stated  above  could  still  occur  but 
with  no  effect  on  the  Ga  metal  layer  underneath.  Once 
the  TMG  flow  is  stopped,  the  remaining  alkylgallium 
on  the  surface  would  then  desorb  to  restore  the  Ga 
surface. 

3.2.  Triethylgallium 

While  self-limiting  Ga  deposition  was  observed  using 
TMG,  no  self-limiting  deposition  was  detected  using 
TEG.  This  is  shown  in  the  SPA  traces  of  Fig.  5,  where 
As-terminated  surfaces  at  temperatures  from  300  to 
420  °C  were  exposed  to  TEG  with  and  without  simulta¬ 
neous  laser  irradiation.  For  surfaces  hotter  than  400  °C, 
and  for  surfaces  hotter  than  300  °C  and  exposed  to 
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Fig.  5.  SPA  signals  obtained  from  As-terminated  GaAs  during  expo¬ 
sure  to  TEG.  Substrate  temperatures  range  from  300  to  400  °C, 
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laser  irradiation,  Ga  deposition  from  TEG  decomposi¬ 
tion  started  after  only  a  few  seconds  and  continued  to 
occur  until  the  TEG  supply  was  stopped.  For  tempera¬ 
tures  from  320  to  400  °C,  an  initial  signal  decrease 
owing  to  aklylgallium  deposition  was  apparent  before 
Ga  deposition  commenced.  The  time  lag  before  Ga 
deposition  started  in  this  temperature  region  increased 
with  decreasing  temperature  down  to  300  °C,  where  Ga 
deposition  was  never  observed  thermally.  This  seems  to 
indicate  that  the  adsorbed  aklylgallium  species  go 
through  a  series  of  surface  reactions  on  the  way  to 
leaving  Ga  metal  on  the  surface.  Lastly,  as  shown  for 
the  340  °C  case,  it  was  observed  that  the  surface 
reached  a  steady  state  10-15  s  after  the  TEG  supply 
was  stopped.  If  TEG  is  then  reintroduced  at  this  point, 
Ga  deposition  would  be  reinitiated  after  only  a  few 
seconds  of  alkylgallium  deposition.  This  result  shows  a 
catalytic  elfect  of  TEG  decomposition  owing  to  the 
presence  of  Ga  metal  on  the  surface,  thereby  making 
self-limiting  Ga  deposition  impossible  while  the  TEG 
supply  remains  on.  Therefore,  any  ALE  growth  using 
TEG  must  involve  self-limiting  deposition  of  some 
alkylgallium  species  on  the  surface,  which  then  undergo 
a  subsequent  surface  reaction  to  leave  Ga. 

Figure  6  shows  three  SPA  traces  from  an  As-termi¬ 
nated  GaAs  sample  held  at  340  °C  and  exposed  to  TEG 
for  different  durations  before  being  exposed  to  arsine. 
In  the  top  trace,  a  decrease  in  the  signal  is  apparent 


TEG  off,  AsH3  on 


Time  (seconds) 

Fig.  6.  Schematic  diagram  of  SPA  signals  obtained  from  As-termi¬ 
nated  GaAs  at  340°C  during  exposure  to  TEG  for  various  time 
durations.  Upper  curve  is  from  a  TEG  pulse  of  1 5  s  immediately 
followed  by  arsine  introduction.  Middle  curve  is  from  a  TEG  pulse  of 
15  s  followed  by  a  delay  of  20  s  before  arsine  introduction.  Lower 
curve  is  from  a  TEG  pulse  of  40  s  immediately  followed  by  arsine 
exposure. 


during  exposure  for  12  s  to  TEG,  as  some  alkylgallium 
species  cover  the  surface.  When  ASH3  is  turned  on  1  s 
after  stopping  the  TEG  flow,  no  immediate  change  in 
the  SPA  signal  is  apparent  and  the  surface  slowly 
recovers  to  an  As-terminated  surface  over  2  min.  This 
seems  to  indicate  that  either  no  surface  reaction  has 
occurred  between  the  AsHj  and  the  surface,  or  that  any 
reaction  that  has  occurred  could  not  be  detected  by 
SPA. 

In  the  middle  trace,  the  TEG  is  again  turned  on  for 
12  s  but  the  subsequent  arsine  dose  is  delayed  for  15  s. 
In  this  case,  a  sudden  drop  and  then  a  recovery  in  the 
reflectivity  is  observed  once  the  AsH^  is  turned  on, 
indicating  that  some  drastic  change  in  the  surface  con¬ 
dition  has  occurred.  This  same  type  of  SPA  trace  could 
be  obtained  for  TEG  pulses  ranging  in  duration  from  1 
to  24  s  at  this  temperature,  provided  that  the  arsine 
flow  was  started  25  s  after  the  TEG  flow  had  been 
initiated.  This  indicates  that  whatever  alkylgallium  ini¬ 
tially  adsorbs  on  the  surface,  it  undergoes  a  further 
decomposition  reaction  that  takes  24  s  to  occur  on  the 
GaAs  surface  at  340  °C.  This  necessary  reaction  time 
was  shorter  at  higher  temperatures  and  longer  at  lower 
temperatures. 

In  the  final  trace,  TEG  was  supplied  to  the  surface 
for  over  24  s.  In  this  case,  an  extremely  sharp  decrease 
in  the  reflectivity  was  observed  when  the  arsine  was 
turned  on  and  was  independent  of  any  delay  in  the 
arsine  sourcing.  This  sharp  drop  looks  similar  to  the 
signal  obtained  from  the  reaction  of  arsine  with  the  Ga 
surface  seen  in  the  TMG  results,  and  possibly  indicates 
the  formation  of  Ga-As  bonds.  Because  the  reflectivity 
does  not  recover  to  the  original  As-terminated  surface 
level,  many  alkyl  species  still  must  be  present  on  the 
surface.  Similar  traces  were  obtained  when  using  longer 
TEG  exposures,  up  to  the  Ga  deposition  limit,  stressing 
that  any  self-limiting  deposition  must  involve  an  alkyl¬ 
gallium  species. 

In  summarizing  these  results,  it  is  apparent  that  TEG 
undergoes  a  step-by-step  decomposition  to  Ga  on  the 
As-terminated  GaAs  surface  within  the  temperature 
range  300-400  °C.  Unfortunately,  single-wavelength 
SPA  cannot  identify  the  surface  species  present  in  this 
decomposition  pathway  or  the  number  of  monolayers 
present,  but  three  different  surfaces  were  detected  with 
one  obviously  being  a  Ga  surface.  Since  Ga  was  shown 
to  decompose  TEG  catalytically,  Ga  metal  is  probably 
absent  from  the  surface  until  the  reflectivity  signal  is 
seen  rising.  TEG  has  also  been  shown  to  decompose 
dissociatively  on  the  surface  [23].  This  leaves  diethylgal- 
lium  (DEG)  as  the  initially  present  aklylgallium  species, 
with  DEG  decomposing  to  monoethylgallium  (MEG) 
after  sufficient  time  passes.  Then,  once  the  MEG  starts 
to  decompose  to  Ga,  all  the  alkyl  species  reaching  the 
surface  decompose  to  Ga. 
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Fig.  7.  Schematic  diagram  of  SPA  signals  obtained  from  GaAs 
during  LALE  processing  at  340  °C. 


A  recent  report  showed  the  ALE  growth  behavior 
from  thermal  decomposition  of  TEG  and  arsine  at  a 
substrate  temperature  of  320  °C  [24]  and  can  be  ex¬ 
plained  by  the  above  results.  This  growth  was  accom¬ 
plished  using  TEG  exposure  times  of  20-30  s  followed 
by  purges  of  20-30  s  before  arsine  introduction.  From 
the  above  observations,  this  growth  is  accomplished  by 
dosing  the  surface  with  TEG  and  then  waiting  for  all 
the  adsorbed  species  to  decompose  to  MEG  before 
supplying  the  arsine  pulse. 

LALE  growth  using  TEG  also  can  be  explained  by 
self-limiting  alkylgallium  on  the  surface.  Figure  7  shows 
a  comparison  of  simultaneous  TEG  and  laser  pulses 
directed  at  an  As-terminated  surface  for  two  different 
durations.  Successful  LALE  growth  has  been  reported 
for  pulse  durations  of  1  s  under  these  process  condi¬ 
tions  [1,  7].  It  can  be  seen  that  an  alkylgallium  surface 
is  detected  after  simultaneous  TEG  and  laser  pulse 
exposure  of  less  than  3  s,  and  that  this  surface  quickly 
reacts  with  arsine.  Here,  Ga  metal  formation  scarcely 
occurs  within  a  short  TEG  exposure,  since  the  satura¬ 
tion  level  after  the  initial  spike  of  the  SPA  signal  is 
lower  than  the  Ga  metal  level  and  similar  to  the  alkyl¬ 
gallium  level.  For  simultaneous  TEG  and  laser  pulses 
of  5  s,  a  Ga  surface  is  detected.  Successively  greater 
exposure  times  yielded  greater  amounts  of  Ga  being 
detected  on  the  surface,  similar  to  the  thermal  TEG 
case.  Ar"^  laser  irradiation  is  considered  to  enhance  the 
decomposition  pathway  from  TEG  to  alkylgallium  ad¬ 
sorbates.  This  model  can  explain  the  self-limiting  LALE 
growth  using  TEG;  however,  surface  processes  involved 
in  LALE  growth  using  TEG  are  not  completely  clear  at 
the  present  stage  and  further  work  should  be  done. 


4.  Conclusions 

The  SPA  reflectivity  technique  was  shown  as  an 
effective  method  of  monitoring  GaAs  surface  changes 
during  both  thermal  ALE  and  LALE  processing  condi¬ 
tions.  Using  this  technique,  self-limiting  decomposition 
during  LALE  was  discussed. 

SPA  traces  showed  the  existence  of  three  distinct 
surfaces  during  various  stages  of  laser-assisted  TMG 
decomposition  on  As-terminated  GaAs  surfaces  at  tem¬ 
peratures  from  340  to  390  ""C.  Initially,  TMG  dissocia- 
tively  adsorbs  on  the  surface.  Then,  under  laser 
exposure,  the  surface  proceeds  to  a  different  alkylgal¬ 
lium  surface  that  is  in  equilibrium  with  the  gas-phase 
alkylgallium  species.  Upon  stopping  the  TMG  flow  at 
this  point,  the  alkylgallium  species  remaining  on  the 
surface  desorb  leaving  a  self-limited  deposit  of  Ga  on 
the  surface.  This  process  is  analogous  to  the  ‘flux-bal¬ 
ance’  mechanism  that  has  been  proposed  earlier  [11]. 

When  using  TEG  for  either  LALE  or  thermal  ALE, 
no  self-limiting  Ga  deposition  was  detected,  but  self- 
limiting  deposition  of  alkylgallium  on  the  surface  was 
observed.  This  alkylgallium  surface  could  react  with 
arsine  and  was  shown  to  be  present  before  arsine 
introduction  under  actual  LALE  growth  conditions. 
Therefore,  it  is  proposed  that  the  self-limiting  deposi¬ 
tion  of  alkylgallium  on  the  surface  during  LALE  using 
TEG  is  responsible  for  the  successful  ALE  growth. 
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Abstract 

In  this  paper,  the  results  of  in  situ  surface  photo-absorption  (SPA)  measurements  on  GaAs  and  InP  surfaces  under 
an  alternating  supply  of  GaCl  and  AsH,  or  InCl  and  tertialybutylphosphine  (TBP)  in  chloride  atomic  layer  epitaxy 
(ALE)  are  presented.  It  was  found  that  the  reflection  intensity  varied  by  several  per  cent,  depending  on  the  source 
gas  supply  sequence.  This  reflection  intensity  was  constant  during  the  GaCl  and  InCl  supply  from  both  the  GaAs 
and  InP  surfaces,  probably  corresponding  to  the  self-limiting  mechanism  of  chloride  ALE.  Reflection  spectra  from 
a  GaAs  surface  during  and  after  GaCl  supply  were  found  to  be  similar.  They  showed  anisotropic  spectral  structures 
according  to  the  incidence  azimuth  of  light.  This  anisotropy  is  considered  to  originate  from  the  existence  of  surface 
dimers.  Thus,  a  GaAs  surface  under  GaCl  supply  is  assumed  to  be  covered  by  Ga.  In  contrast,  the  spectra  from  an 
InP  surface  during  InCl  supply  were  isotropic  and  different  from  the  anisotropic  spectra  measured  from  an 
In-stabilized  surface  formed  by  P  desorption.  Accordingly,  it  is  assumed  the  Cl  adsorbs  on  an  InP  surface  during 
InCl  supply  and  prevents  the  formation  of  dimers.  The  different  behavior  of  Cl  on  GaAs  and  InP  may  be  due  to 
a  different  reaction  rate  with  H2. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  known  as  an  efficient 
epitaxial  growth  method,  in  which  the  layer  thicknesses 
can  be  precisely  controlled  by  the  number  of  opera¬ 
tional  cycles.  This  technique  was  first  developed  for 
II-VI  compound  semiconductors  [1]  and  then  for  III— 
V  semiconductors,  such  as  GaAs  [2-4].  There  exists  an 
ALE  ‘window’,  depending  on  the  substrate  temperature 
and  source  gas  supply,  that  allows  one  monolayer  per 
cycle  growth.  ALE  using  a  chloride  source  gas  for 
group  III  material  is  known  to  have  a  wide  window  [5, 
6].  It  is  important  to  understand  the  mechanism  of 
chloride  ALE  to  achieve  ALE  growth  for  other  mate¬ 
rial  systems  under  a  wider  range  of  ALE  growth  condi¬ 
tions.  An  understanding  of  the  surface  reactions  in 
chloride  ALE  also  will  make  it  possible  to  control 
microscopic  structure  growth,  such  as  one  atomic  line 
per  cycle  at  the  step  edges  of  a  vicinal  substrate. 

To  analyse  the  surface  chemistry  in  ALE,  in  situ 
optical  measurements  are  suitable  because  growth  is 
usually  performed  in  an  H2  ambient,  where  electron- 
beam-related  characterization  methods,  such  as  reflec¬ 
tion  high  energy  electron  diffraction  (RHEED),  cannot 
be  used  during  growth.  There  already  exist  sophisti¬ 
cated  characterization  methods  using  optical  reflect¬ 
ion  measurements:  reflectance  difference  spectroscopy 
(RDS)  [7-9]  and  surface  photo-absorption  (SPA)  [10, 


11].  RDS  measures  the  difference  between  the  reflec¬ 
tances  along  two  crystallographic  axes,  which  cancel 
out  the  bulk  contribution.  SPA  uses  p-polarized  light 
incident  at  the  Brewster  angle,  which  minimizes  reflec¬ 
tion  from  the  substrate.  The  self-limiting  mechanism  of 
Ga  deposition  in  ALE  with  organometallic  sources, 
such  as  trimethylgallium  (TMGa),  has  been  investi¬ 
gated  using  both  methods  [9,  11].  GaAs  surfaces  under 
an  alternating  supply  of  GaCl  and  ASH3  were  also 
studied  by  SPA  spectroscopy  [12]. 

Here  we  report  the  in  situ  measurements  of  optical 
reflection  from  (100)  GaAs  and  InP  substrate  surfaces 
by  SPA  under  an  alternating  supply  of  GaCl  and  AsHj 
or  InCl  and  tertialybutylphosphine  (TBP)  during  chlo¬ 
ride  ALE.  The  reflected  light  intensity  varied  by  several 
per  cent  in  the  SPA  measurements,  which  was  large 
enough  to  detect  with  a  high  signal-to-noise  ratio.  This 
method  is  also  reported  to  be  able  to  detect  bonds 
perpendicular  to  the  surface  [10].  Optical  reflection 
spectra  were  also  measured  during  each  source  gas 
supply  with  different  incidence  azimuths  ([Oil]  and 
[OTl]  for  (100)  substrates).  From  the  change  in  reflec¬ 
tion  intensity  during  and  after  source  gas  supply,  the 
stability  of  the  surface  adsorption  states  was  estimated. 
These  adsorption  states  were  also  discussed  relative  to 
the  optical  reflection  spectra.  In  particular,  differences 
between  the  reflection  spectra  during  and  after  the 
source  gas  supply  were  studied. 
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Fig.  1.  Schematic  drawing  of  metallorganic  chloride  ALE  growth 
system. 


2.  Experimental  details 

The  growth  system  consists  of  a  quartz  reactor,  two 
separate  furnaces  and  gas  inlet  tubes,  as  shown  in  Fig. 
1.  In  the  experiments  on  GaAs,  the  supplied  group  III 
source  gases  were  diethylgalliumchloride  (DEGaCl) 
and  triethylgallium  (TEGa).  When  DEGaCl  was  used, 
the  upstream  part  of  the  reactor  was  heated  to  about 
680  °C.  At  this  temperature,  DEGaCl  is  known  to 
decompose  thermally  into  GaCl  and  hydrocarbons, 
such  as  C2H4  [13].  Accordingly,  the  actual  group  III 
source  gas  is  believed  to  be  GaCl.  During  the  supply  of 
TEGa,  the  upstream  part  was  kept  at  about  150  °C. 
TEGa  was  carried  to  the  GaAs  surface  without  decom> 
position  and,  on  the  surface,  decomposed  to  Ga.  In  the 
experiments  on  InP,  the  supplied  source  gases  for  group 
III  were  trimethylindium  (TMIn)  and  HCL  These  gases 
were  introduced  through  separate  inlet  tubes,  as  shown 
in  Fig.  1.  In  this  case,  the  actual  group  III  source  gas  is 
believed  to  be  InCl,  which  was  formed  through  the 
reaction  between  TMIn  and  HCl  in  the  upstream  part 
of  the  reactor  heated  to  about  630  °C.  In  the  reaction, 
methyl  radicals  would  change  into  stable  hydrocarbons, 
such  as  CH4.  During  the  experiment,  the  total  H2  flow 
was  about  8  1  min“^  and  the  reactor  pressure  was  about 
760  Torr  for  the  DEGaCl  supply.  The  pressure  was 
380  Torr  when  supplying  TEGa  and  during  the  experi¬ 
ments  on  InP  in  order  to  obtain  a  high  gas  velocity 
to  prevent  the  gas  phase  decomposition  of  TEGa. 
In  the  experiments  on  GaAs,  the  flow  rates  and  the 
partial  pressures  of  GaCl,  TEGa  and  ASH3  were  1  seem 
(9.5  X  10“^  Torr),  0.04  seem  (1.9  x  10”^  Torr)  and 
4  seem  (1.9  — 3.8  X  10”^  Torr)  respectively.  In  the  ex¬ 
periments  on  InP,  the  flow  rates  and  the  partial  pres¬ 
sures  of  TMIn,  HCl  and  TBP  were  1.5  seem  (7.1  x 
10"^  Torr),  0.8  seem  (3.8  x  10"^  Torr)  and  6  seem 
(2.9  X  10~^  Torr)  respectively. 

The  optical  measurement  apparatus  is  shown  in  Fig. 
2,  An  Xe  lamp  was  used  as  a  light  source.  When  the 
change  in  the  reflected  light  intensity  was  measured,  a 
chopped  and  monochromatized,  p-polarized  light  of 
wavelength  488  nm  irradiated  the  substrate  at  an  angle 
of  75°,  which  is  nearly  equal  to  the  Brewster  angle.  The 
reflected  light  was  detected  by  a  photomultiplier  using  a 


from 


Fig.  2.  Schematic  drawing  of  the  SPA  measurement  apparatus. 


phase-locking  technique.  For  the  spectral  measure¬ 
ments,  all  the  light  from  the  lamp  was  focused  on  the 
sample  and  detected  by  a  combination  of  a  monochro¬ 
mator  and  a  1024-channel  detector  array.  It  should  be 
noted  that,  in  order  to  cancel  out  the  spectral  depen¬ 
dence  of  the  optical  system,  the  reflection  spectrum 
under  group  V  gas  supply  {Ry)  was  measured  first. 
Then  the  difference  spectrum  (A7^  =  R  —  R^)  was  nor¬ 
malized  by  Ry  to  obtain  the  normalized  difference 
spectra  AR/Ry. 

GaAs  (100)  and  InP  (100)  wafers  with  exact  orienta¬ 
tion  were  used  as  the  substrates.  Prior  to  loading,  the 
GaAs  and  InP  substrates  were  degreased,  etched  for 
1.5  min  in  3:1:1  or  3. 5:1:1  H2S04:H202:H2  0  solution 
and  rinsed  in  deionized  water.  Before  starting  the  exper¬ 
iments,  the  substrates  were  kept  above  600  °C  in  an  H2 
ambient  to  remove  surface  oxide  layers. 

The  substrate  temperature  was  measured  by  an  opti¬ 
cal  pyrometer  that  was  calibrated  using  the  Al-Si  eu¬ 
tectic  temperature  and  the  melting  point  of  InSb. 


3.  Results  and  discussion 

3.1.  Results  for  GaAs  ALE 
Figure  3  shows  the  changes  in  the  reflection  intensity 
from  a  GaAs  surface  during  an  alternating  supply  of 
GaCl  and  ASH3  at  a  substrate  temperature  (TJ  of 
450  °C  with  a  [Oil]  incidence  azimuth.  The  reflected 
intensity  steeply  decreased  as  the  surface  was  exposed 
to  GaCl  and  kept  constant  during  the  GaCl  supply. 
This  intensity  remained  unchanged  for  a  few  minutes. 


Time 


Fig.  3.  Changes  in  reflection  intensity  from  a  GaAs  surface  depend¬ 
ing  on  source  gas,  using  p-polarized  light  of  wavelength  488  nm  with 
a  [Oil]  incidence  azimuth.  Substrate  temperature  (Fg)  was  450  °C. 
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Fig.  4.  Normalized  difference  spectra  from  GaAs  during  GaCI  supply 
and  after  one  monolayer  of  TEGa  exposure  with  [Oil]  incidence 
azimuth  (Eg  =  520  °C).  The  difference  spectra  ^R  were  normalized  by 
the  spectra  i?As  which  was  measured  during  AsH,  supply.  These 
spectra  show  very  similar  characteristics,  which  reveals  that  the 
surface  during  GaCl  supply  was  a  Ga-stabilized  surface. 

even  after  the  GaCl  supply  was  stopped.  These  tenden¬ 
cies  were  reproducibly  observed  in  other  experiments. 
As  shown  in  the  lower  part  of  Fig.  3,  the  reflection 
intensity  recovered  when  AsHj  was  supplied.  The  inten¬ 
sity  difference  normalized  by  the  intensity  during  AsHj 
supply  was  approximately  8%  in  this  experimental  con¬ 
dition,  which  was  large  enough  to  detect  with  a  high 
signal-to-noise  ratio.  The  saturation  of  the  reflection 
intensity  change  during  the  GaCl  supply  is  due  to  the 
self-limiting  mechanism  in  chloride  ALE. 

Measurements  of  the  reflection  spectra  were  also 
conducted.  To  characterize  a  GaAs  surface  under  GaCl 
supply,  the  reflection  spectra  from  a  GaAs  surface 
under  GaCl  and  AsHj  supplies  were  measured  at 
520  °C.  As  reference  spectra  of  a  Ga-stabilized  surface, 
the  normalized  difference  spectra  between  TEGa  and 
AsHj  at  the  same  temperature  were  used.  In  Fig.  4,  the 
reference  normalized  spectrum  Ai?//?As  spec¬ 

trum  corresponding  to  the  surface  during  GaCl  supply 
measured  at  520  °C  from  a  [Oil]  incidence  azimuth  are 
shown.  The  TEGa  supply  duration  was  strictly  con¬ 
trolled  to  form  one  monolayer  of  Ga.  The  spectrum 
measured  during  the  GaCl  supply  was  found  to  have 
very  similar  characteristics  to  those  of  the  Ga-termi- 
nated  surface.  This  was  also  true  for  the  spectra  mea¬ 
sured  from  a  [OTl]  incidence  azimuth.  Accordingly,  the 
GaAs  surface  under  GaCl  supply  at  520  °C  is  believed 
to  be  identical  to  a  Ga-stabilized  surface  [12].  Both 
spectra  showed  anistoropic  spectral  structure,  from 
which  the  existence  of  surface  Ga  dimers  is  suggested. 

Figure  5  shows  the  normalized  difference  spectra 
ARIRas  corresponding  to  the  surface  during  and  after 
GaCl  supply  at  520  “C  from  a  [01 1]  incidence  azimuth. 
The  spectrum  during  the  GaCl  supply  is  marked  by  ‘A’ 
in  the  figure.  The  spectra  corresponding  to  the  surfaces 
5  and  15  min  after  GaCl  supply  are  marked  by  ‘B’  and 
‘C’  respectively.  Almost  no  difference  was  observed 
between  the  A  and  B  spectra.  It  can  be  concluded  that, 
at  least  for  5  min  after  GaCl  supply,  the  optical  proper¬ 
ties  of  the  surface  remained  almost  unchanged.  In  the 


WAVELENGTH  ( nm ) 

Fig.  5.  Normalized  difference  spectra  from  GaAs  during  and  after 
GaCl  supply  with  [011]  incidence  azimuth  (Fg  =  520  X).  Spectrum 
marked  by  ‘A’  corresponds  to  the  surface  during  GaCl  supply. 
Spectra  marked  ‘B’  and  ‘C’  correspond  to  the  measurements  per¬ 
formed  5  and  15  min  after  GaCl  supply  respectively. 


Spectrum  marked  by  a  decrease  in  the  peak  inten¬ 
sity  around  700  nm  was  observed.  The  peak  at  1.8  eV  is 
attributed  to  be  due  to  Ga  dimers  from  RDS  measure¬ 
ments  at  around  500  °C  [14].  Also  in  the  SPA  measure¬ 
ments,  we  can  expect  that  the  peak  positions  in  the 
measured  spectra  are  related  to  the  surface  dimers.  It 
was  considered  that  some  contamination  changed  the 
surface  reconstruction  formed  by  Ga  dimers,  which 
resulted  in  the  intensity  decrease  of  the  Ga-dimer-re- 
lated  peak  around  700  nm  (1.8  eV)  in  spectrum  C. 

3.2,  Results  for  InP  ALE 

The  characterization  of  InP  surfaces  under  an  alter¬ 
nating  supply  of  InCl  and  TBP  is  reported  in  this 
section.  In  Fig.  6,  the  temperature  dependence  of  the 
InP  growth  rate  is  shown.  The  data  shown  by  black 
circles  were  obtained  by  Kato  et  al.  [15]  using  a  dual¬ 
chamber  ALE  reactor,  where  InCl  was  formed  by  the 
reaction  between  In  metal  and  HCl.  The  data  obtained 
in  our  experiments  are  shown  by  triangles  and  squares. 
It  was  found  that  growth  temperatures  less  than  400  °C 
were  required  to  achieve  the  one  monolayer  per  cycle 
growth.  ALE  growth  was  possible  down  to  about 
300  °C,  below  which  the  stable  supply  of  InCl  became 
difficult,  probably  owing  to  the  formation  of  InCls  in 
the  gas  phase. 


Fig.  6.  The  substrate  temperature  dependence  of  (100)  InP  growth 
rate  in  chloride  ALE.  Data  shown  by  black  circles  were  obtained  by 
Kato  et  al  [15]. 
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Fig.  7.  Changes  in  reflection  intensity  from  InP  surfaces  depending 
on  source  gas,  using  p-polarized  light  of  wavelength  488  nm  with 
[Oil]  incidence  azimuth.  Substrate  temperature  {Tfj  was  420  °C. 


Fig.  8.  Changes  in  reflection  intensity  from  InP  surfaces  at  380  °C. 
Other  conditions  were  the  same  as  those  of  Fig.  7. 

The  changes  in  the  reflection  intensity  from  an  InP 
surface  at  a  [Oil]  incidence  azimuth  are  shown  in  Fig. 
7  and  Fig.  8  at  substrate  temperatures  of  420  ""C  and 
380  respectively,  during  an  alternating  supply  of 
InCl  and  TBP,  As  can  be  seen  from  the  upper  curve  in 
Fig.  7,  the  reflection  intensity  gradually  increased  after 
TBP  supply.  It  is  estimated  that  the  InP  surface  became 
an  In-stabilized  surface  without  the  TBP  supply.  The 
desorption  of  P  is  estimated  to  be  of  the  order  of  10  s  at 
this  temperature  [16]  and  most  probably  is  the  reason 
for  the  increasing  reflection  intensity.  In  the  lower  part 
of  Fig.  7,  the  reflection  change  after  InCl  supply  is 
shown.  After  InCl  supply,  the  reflection  intensity  first 
slightly  decreased  and  then  increased  to  a  higher  value, 
which  was  almost  the  same  level  as  that  obtained 
without  the  TBP  supply.  This  indicates  that  the  surface 
also  was  changed  to  an  In-stabilized  surface.  When 
TBP  was  supplied,  the  reflection  intensity  rapidly  recov¬ 
ered  to  the  lower  level.  From  Fig.  7,  it  can  be  under¬ 
stood  that  an  InP  surface  under  InCl  and  TBP  supply  is 
not  stable  at  around  420  °C. 

In  contrast,  in  the  upper  part  of  Fig.  8,  the  reflection 
intensity  after  InCl  supply  was  found  to  be  stable 
compared  with  the  data  in  Fig.  7.  After  InCl  supply,  the 
intensity  first  showed  a  small  transient  decrease  and 
then  increased  very  slowly.  The  stable  reflection  inten¬ 
sity  during  the  InCl  supply  is  considered  to  be  due  to 
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Fig.  9.  Normalized  difference  spectra  ARIR^  from  InP  during  InCl 
supply  with  (a)  [011]  incidence  azimuth  and  (b)  [OTl]  incidence 
azimuth  =  380  °C).  The  spectra  obtained  are  found  to  be  similar, 
revealing  the  isotropic  surface  adsorption  state. 


the  self-limiting  mechanism  in  chloride  ALE  of  InP, 
Also,  it  was  found  that,  after  the  TBP  supply  was 
stopped,  the  reflection  intensity  increased,  as  shown  in 
Fig.  7,  but  very  slowly  and  saturated  after  about 
30  min.  This  suggested  that  the  InP  surface  was  rela¬ 
tively  stable  even  after  stopping  the  source  gas  supply. 
In  the  lower  part  of  Fig,  8,  the  reflection  intensity 
oscillation,  according  to  an  alternating  gas  supply,  is 
shown  during  the  ALE  growth. 

Figure  9  shows  the  spectra  corresponding  to  the  surface 
during  InCl  supply.  The  substrate  temperature  was 
380  °C.  The  spectra  measured  under  different  incidence 
azimuths  ([01 1]  and  [OTl])  are  almost  identical.  This  fact 
means  that  an  InP  surface  under  InCl  supply  has  isotropic 
optical  properties.  This  differs  from  the  case  of  GaAs 
surface  under  GaCl  supply,  where  we  concluded  the 
existence  of  Ga  dimers  from  the  anisotropic  spectra.  In 
the  case  of  InCl  supply,  In  dimers  may  not  be  formed 
on  the  InP  surface  during  InCl  supply. 

Figure  10  shows  the  spectra  from  the  InP  surface 
about  1  min  after  the  InCl  supply.  Large  differences 
between  the  two  spectra  can  be  observed  depending  on 
the  incidence  azimuth.  In  Fig.  11,  the  reference  spectra 
from  an  In-stabilized  InP  surface  formed  by  P  desorp¬ 
tion  measured  at  420  ""C  are  shown.  Although  the  base¬ 
lines  are  somewhat  different,  the  spectra  in  Figs.  10  and 
1 1  are  found  to  be  similar  in  anisotropic  characteristics 
and  in  the  peak  positions.  Thus,  the  surface  after  InCl 
supply  probably  changes  into  an  In-stabilized  surface, 
while  some  adsorbates  exist  on  the  InP  surface  during 
InCl  supply. 

3.3.  Discussion  of  chloride  ALE  mechanism 

In  this  section,  we  discuss  the  surface  adsorption 
state,  which  closely  relates  to  the  self-limiting  mecha- 


K,  Nishi  et  al.  /  Optical  characterization  of  GaAs  and  InP  during  ALE 


51 


WAVELENGTH  ( nm ) 


0.4 
a.  0.2 

'•'S. 

a:  0 

< 

-0.2 


^’200  300  400  500  600  700  800 
WAVELENGTH  { nm ) 

Fig.  10.  Normalized  difference  spectra  from  InP  about  1  min  after 
InCl  supply.  Large  differences  in  the  spectra  depending  on  the 
incidence  azimuth  can  be  observed. 
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Fig.  1 1 .  Reference  spectra  from  an  In-stabilized  InP  surface  formed 
by  P  desorption  at  420  °C.  Although  the  base-lines  are  somewhat 
different,  these  spectra  are  very  similar  to  the  spectra  shown  in  Fig.  10 
in  anisotropic  characteristics  and  in  the  peak  positions. 


described  in  Section  3.1,  the  GaAs  surface  is  assumed 
to  be  covered  by  one  monolayer  of  Ga  under  GaCl 
supply.  Furthermore,  when  the  surface  is  completely 
covered  by  one  monolayer  of  Ga,  no  additional  Ga 
deposition  is  expected  owing  to  the  saturation  of  the 
growth  rate  to  one  monolayer  per  cycle.  This  mecha¬ 
nism  is  consistent  with  the  calculated  surface  residence 
time  of  GaCl  using  the  surface  adsorption  energy. 

Sasaoka  et  al.  [18]  reported  that  the  GaCl  adsorption 
energy  on  As-  and  Ga-stabilized  surfaces  were 
38  kcal  mol"’  and  32  kcal  mol"’,  respectively,  based  on 
temperature-programmed  desorption  (TPD)  measure¬ 
ments.  With  these  values,  even  on  an  As-stabilized 
surface,  an  extremely  short  surface  residence  time  of 
GaCl  (less  than  10“^  s  at  520  °C)  was  obtained.  This 
result  suggests  that  GaCl  should  change  to  a  much 
more  stable  species,  such  as  Ga,  for  ALE  growth  to 
occur.  Furthermore,  the  GaCl  surface  residence  time  on 
an  As-stabilized  surface  is  calculated  to  be  about  50 
times  longer  than  that  on  a  Ga-stabilized  surface  at 
520  °C.  This  large  difference  will  enhance  the  selective 
decomposition  of  GaCl  on  the  As-terminated  surface. 

The  adsorption  state  of  InP  is  found  to  be  unstable 
under  InCl  supply.  From  the  isotropic  properties  of  the 
spectra  during  the  InCl  supply,  the  surface  is  considered 
to  be  covered  by  isotropic  adsorbates — probably  InCl. 
Adsorbed  Cl  will  prevent  the  formation  of  dimers  by 
terminating  the  In  dangling  bonds.  This  may  be  due  to 
the  stable  bond  between  the  In  and  Cl  or  due  to 
residual  HCl  in  the  ambient.  After  InCl  supply,  the 
surface  was  found  to  change  gradually  to  an  In-stabi¬ 
lized  surface.  The  different  behavior  of  Cl  extraction 
between  GaAs  and  InP  may  be  due  to  the  different 
reaction  rate  with  Hj.  By  the  study  of  the  InCl  adsorp¬ 
tion  energy  and  the  surface  reconstruction  phase  dia¬ 
gram  of  InP,  it  may  be  possible  to  understand  the 
surface  adsorption  state  of  InP  and,  consequently,  the 
growth  mechanism  of  InP  ALE. 


nism  of  chloride  ALE.  There  are  some  reports  about 
the  adsorption  state  when  DEGaCl  was  supplied  to  an 
As-stabilized  GaAs  surface  [5,  17].  Mori  et  al.  [5] 
assumed  that  DEGaCl  decomposed  to  GaCl  on  the 
substrate  surface  and  that  GaCl  adsorbed  on  the  As- 
stabilized  surface.  In  contrast,  in  the  in  situ  X-ray 
photoelectron  spectroscopy  (XPS)  measurements,  no 
appreciable  amount  of  Cl  was  detected  on  the  GaAs 
surface  after  the  DEGaCl  exposure  [17].  This  suggested 
the  decomposition  reaction  of  DEGaCl  to  Ga  on  the 
As-stabilized  surface. 

In  our  experiments,  the  actual  source  gas  for  group 
III  was  GaCl  made  by  the  thermal  decomposition  of 
DEGaCl  in  the  upstream  part  of  the  reactor.  Accord¬ 
ingly,  the  reaction  of  GaCl  on  the  surface  should 
explain  the  self-limiting  mechanism.  From  the  results 


4.  Summarizing  remarks 

In  summary,  in  situ  measurements  of  optical  reflec¬ 
tion  from  GaAs  and  InP  surfaces  were  performed  under 
an  alternating  supply  of  GaCl  and  AsHj  or  InCl  and 
TBP  in  chloride  ALE.  The  reflection  intensity  changed 
by  several  per  cent  as  the  source  gases  were  switched. 
During  the  supply  of  GaCl  or  InCl,  the  reflection  level 
stayed  almost  constant,  which  was  considered  to  be  due 
to  the  self-limiting  adsorption  of  ALE.  For  GaAs,  we 
considered  that  the  surface  was  covered  by  one  mono- 
layer  of  Ga,  even  under  GaCl  supply,  from  the  coinci¬ 
dence  of  the  normalized  difference  spectra  of  GaCl  and 
Ga  supply.  This  result  suggests  that  the  self-limiting 
mechanism  in  GaAs  ALE  originates  from  the  difference 
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in  residence  time  and/or  in  the  Cl  extraction  reaction 
probability  of  GaCl  between  As-stabilized  and  Ga-sta- 
bilized  surfaces.  For  InP,  the  surface  is  assumed  to  be 
covered  by  InCl  during  InCl  supply.  After  the  InCl 
supply,  the  surface  was  found  to  change  to  an  In-stabi¬ 
lized  surface.  This  can  be  explained  by  the  bond  stabil¬ 
ity  between  In  and  Cl  in  an  H2  ambient. 

Acknowledgments 

The  authors  are  very  grateful  to  Chiaki  Sasaoka, 
Yoshitake  Kato,  Jouni  Ahopelto,  Haruo  Sunakawa  and 
A.  Atsushi  Yamaguchi  for  their  comments  and  discus¬ 
sion.  They  are  also  grateful  to  Hiroyuki  Kano  for  his 
encouragement  throughout  this  work. 

References 

1  T.  Suntola  and  M.  J.  Antson,  US  Patent  4058430  (1977). 

2  J.  Nishizawa,  H.  Abe  and  T.  Kurabayashi,  J.  Electrochem.  Soc., 
752(1985)  1197. 

3  A.  Usui  and  H.  Sunakawa,  Jpn,  J.  Appl.  Phys.,  25(1986)  L212. 

4  A.  Usui,  H.  Sunakawa,  F.  J.  Stiitzler  and  K.  Ishida,  Appl.  Phys. 
Lett.,  55(1990)  289. 


5  K.  Mori,  M.  Yoshida,  A.  Usui  and  H.  Terao,  Appl.  Phys.  Lett.,  52 
(1988)  27. 

6  Y.  Jin,  R.  Kobayashi,  K.  Fujii  and  F.  Hasegawa,  Jpn.  J.  Appl. 
Phys.,  2P(1990)  L1350. 

7  D.  E.  Aspnes,  J.  P.  Harbison,  A.  A.  Studna  and  L.  T.  Florez, 
Phys.  Rev.  Lett.,  59  (1987)  1687. 

8  E.  Colas,  D.  E.  Aspnes,  R.  Bhat,  A.  A.  Studna,  M.  A.  Koza  and 
V.  G.  Keramidas,  J.  Cryst.  Growth,  94  (1989)  613. 

9  B.  Y.  Maa  and  P.  D.  Dapkus,  Appl.  Phys.  Lett.,  58  (1991) 
2261. 

10  N.  Kobayashi  and  Y.  Horikoshi,  Jpn.  J.  Appl.  Phys.,  28  (1989) 
L1880. 

1 1  N.  Kobayashi,  T.  Makimoto,  Y.  Yamauchi  and  Y.  Horikoshi,  J. 
Cryst.  Growth,  7617(1991)  62. 

12  K.  Nishi,  A.  Usui  and  H.  Sakaki,  Appl.  Phys.  Lett.,  61  (1992) 
31. 

13  C.  Sasaoka,  M.  Yoshida  and  A.  Usui,  Jpn.  J.  Appl.  Phys.,  27 
(1988)  L490. 

14  I.  Kamiya,  D.  E.  Aspnes,  H.  Tanaka,  L.  T.  Florez,  J.  P.  Harbison 
and  R.  Bhat,  Phys.  Rev.  Lett.,  68  (1992)  627. 

15  Y.  Kato,  H.Shimawaki  and  A.  Usui,  49th  Autumn  Meet,  of  the 
Japan  Society  of  Applied  Physics,  1988,  Extended  abstracts,  p.  200 
(in  Japanese). 

16  N.  Kobayashi  and  Y.  Kobayashi,  Jpn.  J.  Appl.  Phys,,  30  (1991) 
L1699. 

17  H.  Ohno,  H.  Ishii,  K.  Matsuzaki  and  H.  Hasegawa,  Appl.  Phys. 
Lett.,  54  (1989)  1124. 

18  C.  Sasaoka,  Y.  Kato  and  A.  Usui,  Jpn.  J.  Appl.  Phys.,  30  (1991) 
L1756. 


Thin  Solid  Films,  225  (1993)  53-58 


53 


Study  of  self-limiting  growth  mechanism  in  chloride  ALE 


A.  Usui 

FundcvHcntcil  R€S6cii‘ch  iMbofutoi'ics,  NEC  CGypovdlion,  34  Miyukigcioku^  Tsukubci^  IbQvciki  305  (Jciptxn) 


Abstract 

The  growth  process  of  chloride  atomic  layer  epitaxy  (ALE)  using  GaCl  is  studied  using  the  temperature 
programmed  desorption  method  (TPD),  the  surface  photo-absorption  (SPA)  method  and  ab  initio  molecular  orbital 
calculations.  From  the  TPD  measurements,  the  GaCl  adsorption  energy  is  calculated  to  be  32kcalmol  and 
38kcalmoD'  for  Ga-terminated  and  As-terminated  surfaces  respectively.  In  the  absence  of  Hj,  the  Ga-Cl  bond 
appears  to  be  very  stable  in  the  adsorption  state.  Process  simulation  using  a  simple  cluster  model  of  ( AsH2)2-GaCl 
indicates  that  adsorption  is  completed  by  forming  a  and  ti  covalent  bonds,  and  that  there  is  hardly  any 
self-dissociation  of  the  Ga-Cl  bond.  From  SPA  measurements  in  the  ALE  system  with  ambient  Hj,  a  strong 
similarity  is  found  between  the  spectra  of  the  GaCl-supplying  surface  and  the  Ga-covered  surface.  Based  on  these 
results  a  model  of  the  chemical  process  in  chloride  ALE  is  proposed  where  adsorbed  GaCl  molecules  can  react 
immediately  with  hydrogen  and  Cl  is  released  from  the  surface  as  HCl.  A  self-limiting  mechanism  results  from  the 
very  short  residence  time  of  GaCl  ( ~  10”^  at  450  °C)  on  the  Ga-terminated  surface. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  [1]  is  a  crystal  growth 
process  which  effectively  utilizes  gas -solid  chemical 
interaction  to  form  cyrstals  a  monolayer  at  a  time.  This 
process  is  significantly  different  from  molecular  beam 
epitaxy  (MBE),  which  is  a  physical  process  because  the 
surface  migration  of  adsorbed  molecules  dominates  the 
growth  process.  By  using  gas— solid  chemical  interac¬ 
tion,  self-limiting  monolayer  growth  has  been  reported 
for  various  kinds  of  materials  such  as  semiconductors 
and  dielectric  films  [2,  3].  Recently,  ALE  has  attracted 
significant  attention  from  III-V  researchers  due  to  its 
great  potential  to  fabricate  nanometer  scale  quantum 
effect  structures,  which  are  expected  to  realize  high¬ 
speed  devices  and  highly  efficient  optical  devices.  The 
first  report  on  the  ALE  of  III-V  compound  semicon¬ 
ductors  was  published  by  Nishizawa  et  al.  [4],  who 
called  this  method  molecular  layer  epitaxy  (MLE). 
They  demonstrated  the  self-limiting  characteristics  of 
monolayer/cycle  growth  using  metal-organic  (MO) 
sources  of  Group  III  elements  and  hybrides  of  Group  V 
elements,  such  as  trimethylgallium  (TMGa)  and  tri- 
ethylgallium  (TEGa),  and  arsine  (ASH3)  in  an 
MOMBE  type  vacuuni  chamber.  We  have  developed  an 
ALE  system  using  chloride  source  gases  of  Group  III 
elements,  such  as  GaCl  and  InCl  for  III-V  compound 
materials. 

Chloride  gases  have  strong  thermal  stability,  which  is 
a  useful  property  for  obtaining  a  wide  ALE  deposition 
temperature  range.  However,  it  was  necessary  to  design 
a  growth  apparatus  in  which  GaCl  is  generated  inside 


the  reactor,  because  GaCl  exists  preferably  at  high 
temperature  and  cannot  be  transported  by  the  carrier 
gas  from  outside  of  the  reactor.  The  first  chloride  ALE 
of  GaAs  was  carried  out  using  a  dual  chamber  reactor 
with  a  substrate  transfer  mechanism  for  hydride  vapor 
phase  epitaxy  (VPE)  [5].  GaCl  was  formed  by  the 
reaction  between  Ga  metal  and  HCl  gas  upstream  of 
the  reactor.  Mori  et  al.  [6]  developed  a  diethylgallium 
chloride  (DEGaCl)  ALE  system  using  a  horizontal 
MOVPE  reactor,  where  GaCl  was  generated  by  the 
thermal  eracking  of  DEGaCl  at  approximately  400- 
500  °C.  This  method  was  very  convenient  because  the 
treatment  of  DEGaCl  is  as  easy  as  TMGa  or  TEGa. 
However,  carbon  contamination  of  the  grown  layers 
was  observed.  Recently,  a  new  reactor  system  was 
developed  by  the  authors  where  TEGa  and  HCl  gas 
was  used.  These  gases  were  mixed  in  the  low  tempera¬ 
ture  region  (~200°C)  of  the  reactor  and  generated 
GaCl  in  the  high  temperature  region  (~700°C).  This 
method  is  considered  to  enhance  the  thermal  cracking 
of  TEGa  by  the  hot  wall  reactor,  as  compared  with  the 
MOVPE  reactor.  It  is  expected,  hence,  to  reduce  carbon 
contamination  by  suppressing  the  generation  of  hydro¬ 
carbon  radicals  at  the  substrate  surface  region.  Using 
this  type  of  chloride  ALE  apparatus,  the  growth  rate 
saturation  at  one  monolayer/cycle  was  obtained  over  a 
wide  temperature  range  of  400—600  °C  for  GaAs  and 
320-425  °C  for  InP  [7]. 

Recently,  the  ALE  mechanism  has  been  discussed  by 
many  researchers.  Two  different  chemical  processes  for 
the  formation  of  a  Ga-related  monolayer  in  metal - 
organic  ALE  (MOALE)  using  TMGa  or  TEGa,  and 
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ASH3,  have  been  reported  so  far.  One  model  is  a 
molecular  layer  adsorption  model,  proposed  by 
Nishizawa  et  al  [8].  By  examining  the  thermal  desorp¬ 
tion  spectrum  from  a  TMGa-exposed  As  surface  using 
quadruple  mass  spectroscopy  (QMS),  they  concluded 
that  the  adsorbate  is  a  monomethylgallium  (MMGa)  in 
the  growth  rate  saturation  range.  Due  to  the  short 
residence  time  of  Ga-containing  species  on  the  first 
adsorption  layer,  further  adsorption  was  considered 
to  be  prevented.  The  other  model  is  based  on  a  site- 
selective  reaction,  which  was  proposed  by  Doi  et  al.  [9]. 
They  examined  ALE  growth  procedure  using  a  low- 
pressure  MOVPE  type  system  with  Ar-laser  irradiation. 
According  to  the  model,  TMGa  or  TEGa  molecules 
preferentially  decompose  on  As  sites  leading  to  a  Ga- 
covered  surface  by  the  assistance  of  the  laser  irradia¬ 
tion.  The  self-limiting  mechanism  was  considered  to  be 
caused  by  the  short  residence  time  of  Ga-containing 
species  on  Ga  sites. 

In  chloride  ALE,  Ohno  et  al.  [10]  discussed  the 
surface  reaction  of  DEGaCl  ALE  which  was  carried 
out  in  an  MOMBE  chamber.  They  reported  that  one 
monolayer  of  Ga  atoms  was  formed  on  the  DEGaCl- 
supplied  surface  because  no  appreciable  amount  of  Cl 
was  detected  by  in  situ  XPS  measurements.  Sasaoka  et 
al.  [11],  who  examined  the  surface  reaction  of  DEGaCl 
on  Si  surfaces  by  XPS,  also  confirmed  that  Cl  did  not 
exist  on  the  surface.  They  suggested  that  atomic  hydro¬ 
gen  generated  during  the  composition  of  DEGaCl  on 
the  surface  would  extract  Cl  and  desorb  as  HCl.  How¬ 
ever,  this  model  can  be  applied  only  to  DEGaCl  ALE 
in  the  MOMBE  system,  where  undecomposed  DEGaCl 
is  supplied  to  the  substrate  surface.  Koukitu  et  al  [12] 
recently  reported  in  situ  optical  reflection  measurements 
surface  photo-absorption  (SPA)  method  [13]  under 
GaCl  and  ASH3  with  H2  carrier  gas.  However,  they  did 
not  give  enough  results,  such  as  spectral  characteristics 
or  measurements  under  various  growth  temperatures, 
to  discuss  the  growth  mechanism  in  chloride  ALE. 

In  this  paper,  we  report  on  the  study  of  the  GaCl 
adsorption/desorption  process  on  GaAs  substrate  using 
the  temperature  programmed  desorption  (TPD)  method 
[14]  and  SPA  measurements  [15].  This  paper  also  de¬ 
scribes  the  theoretical  analysis  of  the  GaCl  adsorption 
process  onto  an  As  dangling  bond  site  by  ab  initio 
molecular  orbital  calculation  [16].  Based  on  these  results, 
the  growth  mechanism  of  chloride  ALE  is  discussed. 


2.  Experimental  details 

To  investigate  the  adsorption/desorption  process  of 
GaCl  on  GaAs  substrate,  the  TPD  method  was  used  by 
Sasaoka  et  al.  [14].  Experiments  were  conducted  in  a 
vacuum  chamber.  A  new  type  GaCl  gas  cell  was  devel¬ 


oped  to  produce  a  pure  GaCl  molecular  beam  from  Ga 
metal  and  CI2  gas.  At  a  cell  temperature  of  800  °C,  the 
beam  contained  only  GaCl  molecules  as  detected  by 
QMS.  No  other  species  such  as  GaCl2,  GaCl3  and 
unreacted  free  CI2  were  observed.  The  substrate  was 
exposed  to  the  GaCl  beam  of  4  Langmuir  at  about 
100  °C.  After  that,  the  substrate  temperature  was  raised 
at  a  constant  rate  of  0.8  ""C  s“^  Desorbing  species  were 
detected  by  using  QMS.  In  addition,  RHEED  (reflec¬ 
tion  high  energy  electron  diffraction)  observation  was 
made  simultaneously  with  TPD  experiments.  From  the 
peak  temperature  of  TPD  spectrum,  the  adsorption 
energy  of  the  adsorbed  species  was  calculated. 

We  also  carried  out  an  in  situ  optical  reflection 
measurement  using  the  SPA  method  in  an  actual  chlo¬ 
ride  ALE  reactor  [15].  To  analyze  the  surface  chemistry 
under  such  a  gas  atmosphere,  the  optical  reflection 
method  is  a  powerful  tool.  The  growth  was  carried  out 
by  using  DEGaCl  and  ASH3  under  the  H2  carrier  gas  in 
a  hot  wall  reactor.  The  upstream  of  the  reactor  was 
heated  to  about  680  °C.  Therefore,  DEGaCl  is  consid¬ 
ered  to  completely  decompose  to  GaCl  and  hydrocar¬ 
bons  [17].  The  reactor  pressure  was  760Torr.  The  flow 
rates  of  DEGaCl,  ASH3  and  total  H2  carrier  gas  were  1, 
4  and  8,000  cm^  min respectively.  In  the  present  ex¬ 
periments,  p-polarized  light  from  an  Xe  lamp  was  irra¬ 
diated  onto  the  substrate  at  an  angle  of  75°,  which  is 
close  to  the  Brewster  angle.  This  paper  reports,  in 
particular,  on  the  SPA  spectral  comparison  between 
GaCl-supplied  surface  and  Ga-covered  surface  to  deter¬ 
mine  the  surface  state  during  GaCl  supply. 

Ab  initio  molecular  orbital  calculation  is  nowadays 
acceptable  as  a  useful  tool  to  determine  surface  chemi¬ 
cal  reactions  because  of  their  reliable  energetics  and  the 
detailed  information  about  the  electronic  structures. 
This  method  has  already  been  used  in  crystal  growth 
simulation  by  Ohshita  et  al.  for  the  analysis  of  SiCl2 
adsorption  [18]  and  Cl  extraction  on  Si  crystal  [9].  In 
the  present  system,  CASSCF  (complete  active  space 
self-consistent  field)  calculations  were  carried  out  to 
obtain  the  potential  energy  curve  of  GaCl  adsorption 
onto  a  hollow  As  dangling  bond  site.  A  cluster  used 
here  was  (AsH2)2-GaCl.  This  model  is  the  simplest 
one,  but  is  useful  to  illustrate  the  orbital  interactions  in 
the  GaCl  adsorption  process  on  the  As  site. 


3.  Results  and  discussion 

In  the  TPD  measurement,  the  2  x  4  As-stabilized  and 
4  X  6  Ga-stabilized  surfaces  of  GaAs  (100)  substrate 
were  exposed  to  a  GaCl  molecular  beam  of  4  Langmuir 
at  about  100  °C  and  heated  at  a  constant  rate  of 
0.8°Cs"h  Figure  1  shows  the  typical  TPD  spectra 
obtained  by  the  desorption.  The  only  desorbed  species 
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Fig.  1.  TPD  spectra  of  GaCl  adsorbed  on  GaAs  (100)  after  4  Langmuir  GaCl  exposure  (a)  for  2  x  4  As-stabilized  surface;  (b)  for 
4x6  Ga-stabilized  surface  [14]. 


detected  by  QMS  was  The  ^^Ga^  signal  was 

found  to  be  a  fragment  of  GaCl  due  to  ionization  in 
QMS.  Other  species,  such  as  ^^'^GaCl2‘^  and  ^^^AsCl^, 
were  not  detected.  The  peak  temperature  of  desorp> 
tion  from  the  2x4  As-stabilized  surface  appeared  at 
330  °C.  By  further  increasing  the  substrate  temperature, 
the  surface  reconstruction  changed  from  1  x  4  to  2  x  4. 
This  indicates  that  the  surface  recovered  to  an  As-stabi¬ 
lized  one.  When  desorption  from  the  4x6  Ga-stabilized 
surface  was  investigated,  appeared  at  220  °C,  which 
was  about  1 10  °C  lower  than  that  from  the  As-stabilized 
surface.  This  indicates  that  the  GaCl  adsorption  on 
a  Ga-stabilized  surface  is  weaker  than  that  on  an 
As-stabilized  surface.  After  GaCl  desorption,  the  surface 
recovered  to  a  4  x  6  Ga-stabilized  surface.  Because 
was  found  to  be  independent  of  the  surface  coverage,  the 
desorption  rate  can  be  described  by  a  first  order  reaction. 
Using  the  equation  r  =v9  exp(  —E^^jRT)  (r  =  adsorp¬ 
tion  rate,  v  =  vibration  frequency  —  2.19  x  10^^  s~^ 
^ad  =  adsorption  energy),  the  adsorption  energy  of  GaCl 
^ad  was  calculated  to  be  38  kcalmol  ’  and  32kcal 
mol"^  for  the  2  X  4  As-stabilized  and  for  4  x  6  Ga-stabi¬ 
lized  surfaces  respectively. 

By  the  ab  initio  molecular  orbital  method,  the  GaCl 
adsorption  process  was  theoretically  analyzed.  The  clus¬ 
ter  used  here  is  shown  in  Fig.  2.  The  computational 
procedure  is  based  on  the  correlated  wavefunctions 
which  ensure  a  proper  description  of  the  system  with 
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Fig.  2.  Structure  of  the  (AsH2)2-GaCl  cluster  model  used  for  com¬ 
puter  simulation  of  the  adsorption  process  [16]. 


reasonable  energetics.  The  potential  energy  curve  was 
calculated  against  the  Ga-As  bond  length.  In  Fig.  3, 
the  adsorbed  bonding  state  between  GaCl  and  As  is 
shown,  which  gives  the  lowest  potential  energy.  Al¬ 
though  GaCl  usually  had  a  lone  pair  on  Ga  in  the 
ground  state  the  valence  excited  state  a^IT  which 

resulted  from  the  4s - >  4p7r  intra-Ga  transition  was 

preferable  for  the  adsorption.  Mixing  of  the  GaCl 
excited  state  with  the  valence  excited  state  of  the  As 
dangling  bond  ^Bi(cr*7r‘)  occurred  in  the  cr-orbital  and 
7c -orbital.  As  a  result,  singlet  spin  couplings  in  both 
orbitals  were  formed  and  led  to  the  ’Aj  ground  state. 
Overlap  charges  between  Ga  and  Cl  atoms  for  free 
ground  state  GaCl  and  adsorbed  GaCl  were  0.51  and 
0.70  respectively.  It  should  be  noticed  that  the  overlap 
charge  increased  with  adsorption  on  the  As-surface. 
This  indicates  that  self-dissociation  of  Cl  hardly  occurs. 
The  GaCl  adsorption  energy  was  estimated  to  be 
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Fig.  3.  Adsorbed  bonding  state  of  cr -space  and  tc -space  between 
GaCl  and  the  As  dangling  bond  [16]. 


60  kcal  mol”^  including  dynamic  correlation  and  recon¬ 
struction  energy  [16].  When  this  value  is  compared  with 
38  kcal  mol  obtained  from  a  TPD  experiment  on  an 
As-stabilized  surface,  the  difference  seems  to  be  large. 
However,  such  a  discrepancy  may  be  acceptable  be¬ 
cause  the  present  calculation  used  so  small  a  cluster. 
The  use  of  a  large  cluster  model  would  lead  to  im¬ 
proved  values. 

TPD  results  and  theoretical  analysis  showed  ad¬ 
sorbed  GaCl  is  stable  and  the  Ga-Cl  bond  does  not 
break  before  the  desorption.  Actually,  ALE  growth  was 
attempted  by  using  GaCl  beam  and  a  solid  arsenic 
source  in  vacuum  without  H2  at  300  ""C.  Although  a 
GaCl  adsorption  layer  was  formed  at  this  temperature, 
growth  was  never  observed.  This  result  clearly  indicates 
that  the  Ga-Cl  bond  needs  to  be  broken  in  order  for 
growth  to  occur. 

In  order  to  study  the  growing  surface  in  the  actual 
chloride  ALE  system,  in  situ  optical  reflections  were 
observed  by  the  SPA  method.  The  reflected  light  inten¬ 


sity  changed  when  alternating  the  gas  supply  from  GaCl 
to  ASH3.  When  (100)  GaAs  substrate  was  used  and  the 
beam  incidence  azimuth  was  [011],  the  reflected  intensity 
dropped  steeply  with  GaCl  exposure  and  was  saturated 
immediately.  The  intensity  remained  unchanged  even 
after  the  GaCl  supply  was  stopped.  When  ASH3  was 
supplied,  the  intensity  recovered  to  a  level  which  would 
indicate  an  As-stabilized  surface.  This  oscillation  contin¬ 
ued  during  ALE  growth  and  was  observed  in  a  wide 
temperature  range  of  400-600  °C.  Figure  4  shows  spec¬ 
tra  obtained  from  GaCl-supplied  and  Ga-supplied  sur¬ 
faces  at  520  °C.  The  vertical  axis  represents  normalized 
spectra  (A7^(  =R~  i?As)/^As)»  calculated  using  the  spec¬ 
tra  {R)  obtained  by  supplying  GaCl  or  Ga,  and  the 
spectra  obtained  (i?As)  by  supplying  ASH3.  The  Ga 
surface  was  prepared  by  supplying  TEGa,  where  the 
duration  of  TEGa  supply  was  carefully  controlled  to 
cover  the  surface  with  one  monolayer  of  Ga  by  the 
decomposition  of  TEGa.  The  similarity  of  the  two 
spectra  regarding  peak  positions  and  their  magnitudes 
was  clearly  seen.  This  indicates  that  the  surface  under 
GaCl  exposure  was  identical  to  a  Ga-stabilized  surface. 
The  shape  of  the  spectra  was  almost  the  same  in  the 
temperature  range  of  400-600  °C.  In  both  spectra,  two 
peaks  at  ^  700  nm  (^1.8  eV)  and  ^  500  nm  ( ^^2.5  eV) 
were  observed.  The  origins  of  these  peaks  have  not  been 
clearly  understood,  but  Aspnes  et  al.  [20]  reported  that 
optical  transitions  occur  at  1.8  eV  for  Ga  dimers  and  at 
2.6  and  4.1  eV  for  As  dimers  from  tight  binding  calcula¬ 
tions.  The  obtained  peak  positions  agreed  well  with  these 
theoretical  values,  although  the  peak  at  4.1  eV  was  not 
clearly  seen. 

Based  on  these  results,  a  model  for  the  surface  reac¬ 
tion  when  GaCl  is  supplied  under  ambient  H2  to  an 
As-stabilized  surface  is  proposed,  as  shown  in  Fig.  5. 
Because  the  Ga-Cl  bond  has  a  considerable  high  bind¬ 
ing  energy  of  113.8  kcal  mol  [21],  self-dissociation  in 
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Fig.  4.  SPA  spectra  obtained  (a)  from  GaCl-suppIying  surface  and  (b) 
surface  was  prepared  by  supplying  TEGa. 
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i-covered  surface  at  520  °C  with  [01 1]  incidence  azimuth  [15].  The  Ga 
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Fig.  5.  Schematic  representations  of  (a)  the  surface  reaction  when 
GaCl  molecules  are  supplied  with  H2  carrier  gas,  and  (b)  a  Ga-cov- 
ered  surface  after  GaCl  purge.  In  (a),  the  adsorbed  GaCl  molecules 
react  with  H2  and  release  Cl  as  HCl.  The  GaCl  residence  time  on  the 
Ga  layer  is  as  short  as  10"^  s  at  450  '’C. 

the  gas  phase  can  be  ignored.  When  GaCl  reaches  the 
surface,  a  large  amount  of  H2  simultaneously  impinges 
on  the  surface.  GaCl  is  considered  to  release  Cl  as  HCl 
and  form  Ga  atoms  by  the  reaction  between  adsorbed 
GaCl  and  H2  gas.  In  this  mechanism,  H2  plays  a  very 
important  role.  As  mentioned  previously,  growth  was 
not  observed  between  the  GaCl  beam  and  the  arsenic 
solid  source  in  a  vacuum  chamber  without  H2.  In 
chloride  VPE  using  an  ASCI3  +  Ga  metal  system,  it  was 
reported  that  the  growth  rate  was  proportional  to  the 
H2  partial  pressure,  as  shown  in  Fig.  6  [22].  The  total 
reactor  pressure  was  maintained  at  1  atm  by  injecting 
inert  gases  such  as  He,  N2  and  Ar  to  compensate  for 
the  reduction  of  H2  partial  pressure.  The  extrapolated 
growth  rate  reached  almost  zero  at  an  H2  pressure  of 
zero.  These  results  strongly  support  the  necessity  of 
hydrogen  in  the  chloride  growth  system.  As  a  linear 
relationship  was  obtained  between  H2  partial  pressure 
and  growth  rate  in  Fig.  6,  this  process  can  be  described 
as  a  first  order  reaction.  We  can  neglect  the  possibility 
that  the  H2  dissociation  reaction  is  involved  in  this 
process.  Accordingly,  the  Eley-Readel  reaction  scheme, 
where  adsorbed  GaCl  molecules  react  directly  with  H2 
gas  and  HCl  is  formed,  is  considered  to  be  the  most 
probable  process. 

To  maintain  monolayer  coverage  by  Ga  atoms 
throughout  the  GaCl  supply,  a  self-limiting  mechanism 
is  necessary  to  suppress  further  deposition  of  Ga  atoms. 
We  calculated  the  residence  time  of  GaCl  species  using 
adsorption  energies  obtained  from  the  TPD  measure¬ 
ments  and  using  the  relation  x  =v  — 
where  k  is  the  Boltzmann  constant  and  T  is  the  sub¬ 
strate  temperature.  The  t  value  at  450  °C,  which  is  the 


Fig.  6.  Growth  rate  of  GaAs  versus  H2  partial  pressure  in  chloride 
VPE  using  AsCh  and  Ga  metal  source  [22], 


typical  GaAs  ALE  growth  temperature,  was  approxi¬ 
mately  10"’  s  and  10"^  s  for  the  2  x  4  As-stabilized  and 
4x6  Ga-stabilized  surfaces  respectively.  This  short  res¬ 
idence  time  of  10"^  s  for  GaCl  on  a  Ga-stabilized 
surface  is  considered  to  suppress  the  reaction  probabil¬ 
ity  between  GaCl  and  H2.  The  calculated  x  was  short 
even  on  the  As-stabilized  surface  at  ALE  growth  tem¬ 
peratures.  However,  an  extreme  excess  number  of  GaCl 
molecules  of  over  lO^’-lO^  times  the  number  of  surface 
adsorption  sites  is  usually  supplied  to  the  surface  in 
chloride  ALE  [23],  and  accounts  for  the  reaction  for  Cl 
extraction  proceeding.  Another  possible  reason  for  the 
self-limiting  growth  is  considered  to  lie  in  the  reaction 
rates  for  Cl  extraction  being  different  between  the 
Ga-GaCl  and  As-GaCl  surfaces. 


4.  Summary 

The  adsorption,  desorption  and  reaction  processes  of 
GaCl,  which  is  used  as  a  source  material  in  chloride 
ALE,  were  discussed.  The  experimental  tools  used  were 
temperature  programmed  desorption  (TPD)  and  sur- 
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face  photo-absorption  (SPA)  methods.  Furthermore,  ab 
initio  molecular  orbital  calculation  was  used  to  analyze 
theoretically  these  processes.  From  TPD  measurements, 
GaCl  molecules  were  found  to  adsorb  on  a  GaAs 
substrate.  The  adsorption  energies  obtained  were 
32  kcal  mol"^  and  38  kcal  mol"^  for  Ga-terminated  and 
As-terminated  surfaces  respectively.  Without  H2,  GaAs 
growth  hardly  occurred  even  if  the  As  beam  was  irradi¬ 
ated  onto  the  GaCl-adsorbed  surface  in  the  vacuum 
chamber.  This  result  indicates  that  the  Ga-Cl  bond  is 
very  stable  in  the  adsorption  state.  Ab  initio  molecular 
orbital  calculation  using  a  simple  cluster  model  of 
(AsH2)2-GaCl  indicated  that  the  adsorption  is  com¬ 
pleted  by  forming  a  and  n  covalent  bonds.  The  simula¬ 
tion  also  confirmed  the  above  experimental  assump¬ 
tions  that  self-dissociation  of  the  Ga-Cl  bond  hardly 
occurs.  SPA  measurements  were  carried  out  to  study 
the  surface  chemistry  in  the  ALE  system  in  ambient  H2. 
By  comparing  the  spectrum  of  the  GaCl-supplying  sur¬ 
face  with  that  of  the  Ga-covered  surface,  we  found  a 
strong  similarity  between  the  two  spectra.  Based  on 
these  experimental  and  theoretical  results,  a  model  for 
ALE  growth  using  GaCl  was  proposed  as  follows. 
Adsorbed  GaCl  molecules  can  react  immediately  with 
hydrogen  because  GaCl  is  supplied  with  H2  carrier  gas 
in  the  ALE  system,  and  Cl  is  released  from  the  surface 
as  HCl.  Further  dissociation  of  GaCl  by  H2  on  a 
Ga-covered  surface  could  be  suppressed  by  a  very  short 
residence  time  of  GaCl  (^10~^s  at  450  °C)  on  the 
Ga-terminated  surface.  Although  we  believe  that  the 
present  results  greatly  assist  in  understanding  the 
growth  mechanism  of  chloride  ALE,  further  investiga¬ 
tions  are  necessary  to  clarify  the  chloride  ALE  process 
including  the  detailed  mechanism  for  Cl  extraction  by 
H2  and  the  reaction  between  Ga  and  the  As  source  gas. 
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Abstract 

Atomic  layer  epitaxy  (ALE)  of  GaAs  using  metal -organic  precursors  and  arsine  (AsHj)  has  been  reported  by  many 
researchers  for  the  past  several  years  in  a  limited  temperature  range  and  with  a  high  background  of  carbon  doping. 
Most  reactor  designs  involve  a  vent-run  configuration  which  requires  long  exposure  times  of  several  seconds  to 
achieve  surface  coverage.  The  rotating  susceptor  and  reactor  design  used  in  our  laboratory  allow  exposure  times  of 
less  than  one  second  and  high  precursor  flux.  Such  short  exposure  times  have  resulted  in  the  successful  ALE  growth 
at  temperatures  as  high  as  700  °C  and  low  carbon  background  doping  (in  the  10^^  cm“^  range).  We  will  discuss  the 
advantages  of  a  susceptor  design  that  allows  the  TMGa  gas  stream  to  remain  at  T  <  r^ytstrate  until  the  substrate  is 
rotated  into  the  gas  stream  for  a  given  exposure  time.  A  potential  ALE  self-limiting  mechanism  will  be  presented 
based  on  the  lifetime  of  adsorbed  species  and  the  relevance  of  this  short  exposure  times  approach. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  of  GaAs  has  been  inves¬ 
tigated  for  several  years  achieving  success  in  the  ability 
to  grow  thin  layers  with  a  self-limiting  monolayer  per 
cycle  growth  rate.  There  remain,  however,  several  chal¬ 
lenges  for  the  implementation  of  ALE  GaAs  grown 
with  trimethylgallium  (TMGa):  (1)  indications  of  very 
low  growth  rates;  (2)  narrow  windows  in  both  tempera¬ 
ture  and  reactor  flux;  and  (3)  high  background  carbon 
behaving  as  an  acceptor.  Most  of  these  problems  can 
be  minimized  by  special  reactor  design  that  allows 
short  exposure  times  to  TMGa.  The  kinetics  of  the 
reaction  leading  to  ALE  GaAs  from  TMGa  are  given 
later  in  the  paper,  but  it  should  be  mentioned  that  the 
surface  reaction  rates  are  of  the  order  of  a  few  ms  at 
typical  growth  temperatures,  so  if  the  flux  is  sufficient 
for  monolayer  coverage  exposure  times  can  be  short. 
There  are  two  types  of  reactors  currently  used  to  grow 
GaAs  using  TMGa  by  ALE:  the  MOVPE  which  oper¬ 
ates  at  atmospheric  or  reduced  pressure  (760-20  Torr) 
and  the  MBE  which  operates  under  UHV  conditions. 
Table  1  gives  a  summary  of  reported  ALE  growth 
conditions  for  both  reactor  types.  From  this  table  it  can 
be  seen  that  we  report  a  comparatively  wide  range  of 
growth  temperature  (450-700  °C),  extending  over 
100  °C  higher  than  any  other  group  [1].  We  have 
demonstrated  the  importance  of  high  growth  tempera¬ 
tures  and  short  exposure  times  to  the  TMGa  flux  to 
reduce  background  carbon  thought  to  originate  from 
the  methyl  groups  of  the  TMGa  molecule.  For  exam¬ 
ple,  the  carrier  concentrations  for  a  one  second  expo¬ 


sure  to  TMGa  at  500  °C  and  600  °C  are  /?  =  10^^  cm“^ 
and  p  =  10*^cm“^  respectively.  Also  at  500  °C  carrier 
concentrations  of/?  =  10^°  cm"^  and  /?  =  10^^cm“^  were 
measured  for  2  and  0.2  s  exposures  respectively.  In  this 
paper  we  draw  upon  data  from  our  laboratory  [1,  2], 
ALE  studies  [3-10],  and  research  on  the  decomposition 
of  TMGa  at  the  surface  [11,  12]  to  propose  an  explana¬ 
tion  of  the  ALE  self-limiting  mechanism  and  address  the 
importance  of  short  TMGa  exposure  times. 

2.  Experimental  details 

We  use  an  atmospheric  pressure,  modified  MOCVD 
reactor  with  three  gas  inlets;  one  for  TMGa,  a  center 
line  for  hydrogen  and  one  for  arsine  (ASH3).  The 
graphite  susceptor  is  heated  by  an  RF  coil  and  the 
temperature  is  measured  by  a  thermocouple  imbedded 
in  the  graphite  susceptor.  The  rotating  susceptor  allows 
controlled  exposures  to  the  precursors  by  rotation  un¬ 
der  windows  in  a  stationary  top  plate.  The  clearance  of 
the  substrate  under  the  stationary  top  plate  is  0.5  mm 
which  removes  most  of  the  gaseous  boundary  layer, 
The  substrates  were  semi-insulating  (001)  T"  toward 
[110]  GaAs.  Growth  proceeded  in  cycles  where  one 
cycle  consisted  of  a  single  rotation  under  the  ASH3 
window  and  the  TMGa  window. 

3.  Results  and  discussion 

Figure  1  shows  our  reported  maximum  exposure 
times  to  TMGa  for  500,  550,  600,  650  and  700  °C 
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TABLE  1 .  Summary  of  reported  ALE  growth  conditions  for  GaAs  with  TMGa  used  as  the  gallium  precursor 


Type  of  system 

pressure 

(Torr) 

Temperature 

range 

(“O 

Exposure  time 
(S) 

Reference 

Vertical 

MOVPE 

rotating  susceptibility 
(760  Torr) 

450-700 

0.2-3/0.2 

TMGa/AsH, 

1 

Vertical 

MOVPE 

rotating  susceptibility 
(30  Torr) 

550-650 

0,2-0.6/0.8/0.4/0.8 

TMGa/Purge/AsH, 

2 

Vertical 

chimney 

MOVPE 
(20  Torr) 

430-560 

1-30/1-10 

TMGa/AsH,., 

3 

Vertical 

plasma 

rotating  susceptibility 
(20  Torr) 

430-500 

3/2/2/2 

TMGa/Purge/AsH, /Purge 

4 

Horizontal 

MOVPE 
(100  Torr) 

500 

3/2/4- 8/2 

TMGa/Purge/AsHj/Purge 

5 

Horizontal 

MOVPE 
vent/run 
(100  Torr) 

r<460 

l/l/l/l 

TMGa/Purge/ AsHj /Purge 

6 

Horizontal 

MOVPE 
vent/run 
(760  Torr) 

450 

0.6/1.5/1.5/0 

TMGa/Halt/AsHj/Hs  Purge 

7 

MOVPE 
(70  Torr) 

490-500 

1/3/ 1/3 

TMGa/Purge/AsHj/Purge 

8 

UHV 

MOMBE 

470 

15-50/10/10/10 

TMGa/Evac/AsH3/Evac 

9 

UHV 

MOMBE 

500 

4/3/20/3 

TMGa/Evac/AsHj/Evac 

10 

Fig.  1 .  Exposure  time  range  to  TMGa  for  ALE  growth  of  GaAs  with 
0.08  pmol"’  s“’  TMGa  flow. 


growth  temperatures  for  monolayer  (ML)  (cycle) 
growth.  Exposure  times  longer  than  those  given  in  Fig. 
1  resulted  in  more  than  1  ML  (cycle)  From  this  data 
it  is  evident  that  very  short  exposures  to  the  TMGa  flux 
are  required  at  F  >  600  °C.  Figure  2  confirms  the  self- 
limiting  mechanism  over  a  range  of  TMGa  integrated 
flux  (flow  rate  x  exposure  time)  at  these  high  growth 
temperatures. 

It  is  useful  to  examine  the  proposed  mechanisms  and 
the  basic  studies  of  ALE  to  understand  the  requirement 
of  short  exposure  times.  The  three  dominant  theories  of 
the  self-limiting  mechanism  are  summarized  in  Fig.  3. 

(1)  The  selective  adsorbate  model  [13]  states  that 
TMGa  will  not  decompose  on  an  atomic  Ga-rich  sur¬ 
face.  It  was  supported  by  XPS  surface  studies  showing 
no  carbon  on  TMGa  dosed  surfaces.  However,  XPS 
requires  cooling  and  transport  from  the  growth  chamber 
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Fig.  2.  Growth  rate  saturation  at  1  ML  (cycle)  *  for  600,  650  and 
700  "C. 


V  V 

/• 

•  • 

Selective 

Adsorbate 

Flux 

Adsorption 

Inhibition 

Balance 

•  Ga  @  As  ^  CH3 


Fig.  3.  Summary  of  three  models  of  ALE  of  GaAs  using  TMGa  and 
ASH3:  Selective  adsorption  allows  no  TMGa  decomposition  on  a 
Ga-covered  surface.  Adsorbate  inhibition  prohibits  TMGa  decomposi¬ 
tion  on  a  methyl  covered  surface.  The  flux  balance  requires  a  balance 
of  adsorbing  and  desorbing  methylgallium  species. 


to  the  XPS  chamber  which  is  a  significant  change  in  the 
environment  for  the  substrate.  This  model  has  been 
completely  excluded  by  a  study  demonstrating  TMGa 
decomposition  on  a  Ga  surface  [14]. 

(2)  The  adsorbate  inhibition  model  will  not  allow 
decomposition  of  TMGa  on  a  methyl-gallium  species 
covered  surface  [15].  It  is  supported  by  temperature 
programmed  desorption  (TPD)  studies  showing  the 
lifetime  of  the  methyl  radicals  under  UHV  conditions. 
This  is  not  the  complete  picture,  however,  since  at 
higher  growth  temperatures  the  methyl  lifetimes  are 
much  too  short  to  explain  our  ability  to  maintain  ML 
(cycle)  growth. 

(3)  The  flux  balance  model  [16]  requires  a  balance  to 
be  maintained  between  desorbing  monomethylgallium 
(MMGa)  and  adsorbing  MMGa  during  the  TMGa 
exposure.  This  seems  to  be  an  obvious  requirement,  but 
one  which  had  been  previously  overlooked.  There  must 
be  a  compensation  for  desorbed  MMGa  from  the  sur¬ 
face,  otherwise  less  than  a  ML  (cycle)  growth  will 


result.  However,  the  upper  temperature  liniit  of  ALE 
growth  has  always  been  reported  by  growth  rates  ex¬ 
ceeding  the  ML  (cycle)  thus  the  flux  balance  model 
is  not  complete  either. 

These  models  cannot  completely  explain  the  collec¬ 
tion  of  ALE  GaAs  data  presented  in  Table  1,  nor  can 
they  specifically  address  why  our  atmospheric  pressure 
reactor  can  maintain  ALE  at  temperatures  far  exceed¬ 
ing  that  of  the  UHV  reactors  [9,  10]  where  the  gas 
decomposition  is  insignificant.  In  the  following  we  will 
discuss  the  main  gas  phase  and  surface  reactions  and 
try  to  explain  why  our  approach  can  sustain  ALE  at 
higher  temperatures  based  upon  a  flux  balance  of 
methyl  radicals  near  the  substrate  surface. 

3A.  Gas  phase  reactions 

It  is  important  to  examine  the  gas  phase  decomposi¬ 
tion  of  TMGa  in  H2  for  an  understanding  of  ALE  in  an 
MOVPE  reactor.  The  region  above  the  hot  substrate 
where  temperatures  are  hot  enough  for  decomposition 
of  TMGa  to  occur  is  the  chemical  boundary  layer  [17]. 
Reactor  conditions  leading  to  the  complete  decomposi¬ 
tion  of  TMGa  in  the  gas  phase  represent  the  absolute 
limit  of  ALE  in  the  MOVPE  environment.  Therefore, 
the  characteristics  of  this  chemical  boundary  layer  and 
the  time  an  incoming  TMGa  molecule  spends  in  it  are 
important  reactor  design  issues. 

The  chemical  boundary  layer  for  TMGa  would  be 
established  by  the  gas  phase  temperature  at  which  it 
decomposed  to  Ga  and  has  been  proposed  to  begin  at 
400  °C  [18].  The  thermal  profile  in  the  hydrogen  carrier 
for  the  TMGa  above  the  hot  substrate  is  therefore 
critical  for  atomic  layer  epitaxy  in  the  MOVPE  reactor. 
Since  the  rotating  susceptor  in  our  reactor  cuts  into  a 
relatively  cool  H2/TMGa  gas  stream  and  then  begins  to 
heat  this  gaseous  layer  up  to  the  substrate  temperature, 
the  thermal  profile  is  transient.  Estimates  of  these  tran¬ 
sient  thermal  profiles  were  made  for  substrate  tempera¬ 
tures  of  500,  600  and  700  °C,  by  solving  the  heat 
conduction  equation  for  a  flat  plate  at  a  given  substrate 
temperature,  heating  H2  at  a  given  height  above  the 
substrate  (j)  as  a  function  of  time.  The  boundary 
conditions  are:  ^Hydrogen  =  T'substrate  at  the  interface 

(y  =0)  and  ^Hydrogen  =  0  as  y - >  00.  The  transient 

profiles  are  shown  in  Fig.  4  for  substrate  temperatures 
of  500,  600  and  700  °C.  Pertinent  TMGa  exposure  times 
are  included  to  indicate  the  strong  dependence  of  the  gas 
phase  thermal  profile  on  exposure  time  increases  of 
fractions  of  a  second  at  high  substrate  temperatures.  At 
a  substrate  temperature  of  500  °C,  for  example,  as 
shown  in  Fig.  4,  for  a  0.2  s  exposure  to  TMGa  the  gas 
phase  temperature  where  ^Hydrogen  ^  400  °C  has  devel¬ 
oped  to  0.25  cm  above  the  substrate.  As  the  substrate 
temperature  is  increased,  the  thermal  profile  expands 
and  the  chemical  boundary  layer  gets  thicker  for  the 
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Exposure 

■  0^  sec 
0.5  sec 
1  sec 

°  2  sec 
X  2.5  sec 


Fig.  4.  Transient  thermal  profile  in  the  H2  above  the  hot  substrate  for 
a  substrate  temperature  of  500,  600  and  700  °C  for  several  TMGa 
exposure  times. 


Fig.  5.  Reaction  rate  constants  for  A:, ,  desorption  of  CH3  from  an 
MMGa  covered  surface,  and  kj,  desorption  of  MMGa  from  the 
surface  as  a  function  of  substrate  temperature. 


ature  programmed  desorption  (TPD)  to  quantify  the 
lifetime  of  methyl  radicals  on  the  surface  as  follows 
[19]: 

GaCH3,,, - .Ga3  +  CH3;  (1) 

=  10^^  exp[(  —44.1  kcal  mo\~^)IRT] 

The  desorption  of  MMGa  from  the  surface  was  de¬ 
scribed  by  Mountziaris  and  Jensen  [11]  as: 


same  exposure  time  to  the  TMGa/H2  stream.  Another 
example  is  for  a  substrate  temperature  of  700  °C  as  shown 
in  Fig.  4.  At  this  substrate  temperature  the  thickness  of 
the  chemical  boundary  layer  where  THydrogen  ^  400  °C 
has  increased  to  0.65  cm  for  a  0.2  s  TMGa  exposure. 
Therefore,  the  volume  where  gas  phase  decomposition  of 
the  TMGa  molecule  is  more  likely  has  increased,  and  the 
self-limiting  characteristics  at  higher  growth  tempera¬ 
tures  exhibits  a  narrower  window  of  exposure  times  in 
the  order  of  fractions  of  a  second  to  the  TMGa/H2 
stream.  However,  in  most  other  MOVPE  reactors  the 
effective  TMGa  exposure  is  one  second  or  longer  making 
high  temperature  ALE  difficult,  as  shown  in  Table  1. 

From  the  gas  phase  decomposition  of  TMGa  argu¬ 
ments  alone,  the  ALE  temperature  range  in  the  UHV 
reactor  should  extend  beyond  that  of  the  MOVPE.  On 
the  contrary,  the  UHV  data  demonstrate  a  narrower  ALE 
temperature  window  than  MOVPE  and  this  has  been 
explained  by  the  limitations  established  by  the  lifetime  of 
surface-adsorbed  CH3,  referred  to  in  Section  3.2. 

3.2.  Surface  reactions 

The  TMGa  dosed  surface  has  recently  received  atten¬ 
tion  by  several  groups  using  techniques  such  as  temper- 


GaCH3,ds - >GaCH3g  (2) 

k2  =  10^'^exp[(— 45  kcal  moU^)//?r] 

A  plot  of  these  reactions,  shown  in  Fig.  5,  indicates  at 
low  temperatures  where  ALE  is  observed  in  UHV 
reactors  [9,  10],  the  desorption  of  methyl  radicals  and 
the  desorption  of  monomethylgallium  are  relatively 
low.  However,  at  cii600°C  the  methyl  desorption  be¬ 
comes  more  significant  leaving  more  uncovered  gallium 
which  is  not  self-limiting  to  TMGa. 

Based  upon  the  system  dependent  ALE  temperature 
ranges  and  the  above-mentioned  gas  phase  and  surface 
reactions,  we  propose  the  methyl  radical  balance  as  the 
self-limiting  ALE  mechanism.  The  surface  must  be  sta¬ 
bilized  with  mono-  or  di-methylgallium  molecules 
which  are  selective  against  chemisorption  of  TMGa. 
However,  a  balance  between  desorption  of  the  methyl 
radicals  from  the  monomethylgallium  (MMGa) 
molecules  at  the  surface  and  adsorption  of  methyls 
from  the  gas  phase  for  the  MOVPE  type  reactor  is 
required  during  the  TMGa  exposure.  The  self-limiting 
ALE  can  be  lost  by  two  means,  which  may  be  a 
function  of  reactor  type  (pressure),  growth  temperature 
and  gas  flux. 
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(1)  Complete  gas  phase  decomposition  of  incoming 
TMGa  molecules  leads  to  a  surface  covered  with 
atomic  gallium  during  the  TMGa  exposure,  the  surface 
of  atomic  gallium  will  not  be  self-limiting  to  further  Ga 
or  TMGa  chemisorption. 

(2)  Methyls  at  the  surface  desorb  faster  than  they  can 
be  replaced  from  the  gaseous  boundary  layer,  opening 
up  sites  of  atomic  Ga  upon  which  TMGa  can  chemically 
adsorb.  The  desorption  of  MMGa  is  not  a  problem  as 
long  as  there  is  a  flux  of  TMGa  to  replace  it,  and  as  has 
been  suggested,  there  is  probably  a  balance  of  adsorbing 
MMGa  and  desorbing  MMGa  [16]. 

For  the  high  vacuum  case,  the  self-limiting  state  is 
determined  by  the  lifetime  of  methyl  radicals  adsorbed 
at  the  surface  in  the  mono-  or  di-methylgallium.  There 
is  no  boundary  layer  to  provide  a  source  of  replacement 
of  methyl  radicals  and  desorbing  methyl  radicals  are 
not  likely  to  return  to  the  surface  since  their  mean  free 
path  is  large.  If  MMGa  desorbs  it  can  simply  be 
replaced  by  the  incoming  flux  of  TMGa.  If  a  methyl 
desorbs  from  the  surface  MMGa  molecule,  however, 
the  resulting  Ga  atom  is  no  longer  self-limiting  against 
the  incoming  TMGa  flux  and  the  growth  rate  exceeds 
ML  cycle  Thus  ALE  in  the  UHV  environment  prob¬ 
ably  has  a  temperature  limit  from  the  surface  kinetics 
that  cannot  be  circumvented. 

MOVPE  type  reactors,  however,  should  be  able  to 
extend  the  ALE  temperature  range  by  decreasing  the 
TMGa  exposure  time  to  minimize  gas  phase  decompo¬ 
sition  and  increasing  the  TMGa  flux  to  achieve  surface 
saturation  faster. 


4.  Conclusions 

Several  studies  agree  that  self-limitation  depends  on  a 
surface  saturated  by  MMGa.  The  lifetime  of  these 
methyls  at  the  surface  has  been  shown  to  be  too  short 
to  explain  the  self-limiting  conditions  at  high  tempera¬ 
tures.  The  concept  of  a  methyl  flux  balance  of  des¬ 
orbing  CH3  and  gas  phase  supplied  adsorbing  CH3  can 
explain:  the  limited  range  of  ALE  at  low  pressure,  the 


limited  range  of  ALE  for  long  exposures  to  TMGa,  and 
the  wider  range  of  ALE  at  higher  pressures  and  short 
exposures  to  the  TMGa. 
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Abstract 

Atomic  layer  epitaxy  (ALE)  growth  of  InP  was  investigated  using  trimethylindium  (TMI)  and  tertiarybutylphos¬ 
phine  (TBP)  in  a  horizontal  atmospheric  reactor.  The  studied  growth  parameters  were  exposure  times,  TMI  and 
TBP  fluxes,  and  growth  temperature.  Self-limiting  ALE  growth  of  InP  was  achieved  at  a  growth  temperature  of 
340  °C.  Substantial  increases  in  the  TMI  flux  and  higher  growth  temperatures  exceeding  340  °C  resulted  in  growth 
rates  exceeding  1  monolayer  per  cycle.  Uniform  ALE  InP  layers  were  verified  by  cross-sectional  transmission 
electron  micrography  and  sputtered  Auger  profiling.  The  application  of  thin  ALE  InP  layers  ( 1 5  A)  on  GaAs 
surfaces  was  investigated  using  X-ray  photoelectron  spectroscopy,  77  K  photoluminescence,  and  300  K  photoreflec¬ 
tance.  The  absence  of  arsenic  oxide  and  an  increase  in  the  photoluminescence  intensity  by  a  factor  of  2  were 
observed  after  InP  passivation. 


1.  Introduction 

The  precise  control  of  the  thickness  in  ultrathin  lay¬ 
ers  of  compound  semiconductors  has  generated  signifi¬ 
cant  interest  in  the  growth  of  these  layers  in  the  atomic 
layer  epitaxy  (ALE)  or  flow  rate  modulation  modes. 
The  ALE  process  is  also  desirable  for  certain  device 
structures  which  require  low  growth  temperatures  in 
order  to  reduce  temperature-dependent  diffusion  pro¬ 
cesses.  InP  is  very  attractive  for  high  power  devices  at 
high  frequencies  because  of  its  large  F-L  separation 
(0.52  eV),  high  saturated  velocity,  high  thermal  conduc¬ 
tivity,  high  breakdown  voltage,  and  low  surface  recom¬ 
bination  velocity.  There  have  been  numerous  reports  on 
the  growth  of  InP  in  the  ALE  and  flow  rate  modulation 
modes  using  conventional  sources  such  as  trimethyl¬ 
indium  (TMI)  and  phosphine  [1-4].  Thin  layers  of  InP 
grown  by  ALE  have  been  used  as  buffer  layers  to 
improve  the  X-ray  linewidth  of  InP  on  GaAs  [5]. 
Improvements  in  the  heterointerface  quality  of  InAs/ 
InP  strained  layer  superlattices  have  been  shown  by 
using  the  flow  rate  modulation  process  [6].  While  the 
ALE  process  of  InP  has  been  demonstrated  using  TMI 
and  phosphine,  there  has  not  been  any  report  of  ALE 
growth  using  TMI  and  tertiarybutylphosphine  (TBP). 
TBP  is  an  attractive  alternative  to  phosphine  because  of 
its  lower  toxicity  and  a  lower  V/III  ratio  is  required  for 
InP  growth  owing  to  its  lower  pyrolysis  temperatures. 
In  this  paper,  the  growth  conditions  for  the  realization 
of  InP  ALE  with  monolayer  saturation  are  described 


using  a  conventional  atmospheric  metalorganic  chemi¬ 
cal  vapor  deposition  (MOCVD)  reactor.  The  applica¬ 
tion  of  ultrathin  ( 1 5  A)  InP  layers  for  the  passivation  of 
GaAs  surfaces  resulting  in  a  lower  surface  recombina¬ 
tion  velocity  is  also  presented. 


2.  Experimental  details 

ALE  growth  was  performed  in  a  horizontal  atmo¬ 
spheric  pressure  MOCVD  reactor  [7].  TMI  and  TBP 
were  used  as  the  source  materials.  The  TMI  bubbler 
was  maintained  at  20.0  °C  and  the  TBP  bubbler  at 
10.0  °C.  The  TMI  density  was  monitored  using  an 
EPISON  gas  density  analyzer  in  order  to  account  for 
the  bubbler  efficiency  at  different  TMI  flows.  99  cycles 
of  InP  ALE  layers  were  typically  grown  on  a  thin 
(1000  A)  lattice-matched  InAlAs  layer  (MOCVD 
grown)  on  an  iron-doped  InP  substrate  oriented  2°  off 
the  (100)  direction  towards  the  (110).  The  slight  differ¬ 
ence  in  the  index  of  refraction  between  InAlAs  and  InP 
provides  reasonable  contrast  for  the  layer  thickness 
measurements  using  grazing  incidence  X-ray  diffraction 
[8].  The  switching  of  the  gases  was  performed  using 
4-way  Nupro  pneumatic  valves  with  a  minimum  switch¬ 
ing  time  of  1  s.  Each  source  line  was  designed  with 
separate  vent  lines  enabling  visualization  of  the  gas 
switching  process.  The  reactor  pressure  was  maintained 
at  slightly  above  atmospheric  pressure  using  an  MKS 
pressure  controller.  The  switching  sequence  consisted  of 
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a  TMI  exposure  time,  an  H2  purge,  a  TBP  exposure 
time,  and  an  H2  purge.  The  TMI  cycle  was  varied  from 
3  to  6  s  and  the  TMI  mole  fraction  was  varied  from  0.5 
to  3.0  X  10"“.  The  purge  time  was  kept  at  3  s.  The 
TBP  cycle  was  varied  from  8  to  16  s  and  the  mole 
fraction  was  1.2  x  10"^  The  total  gas  flow  in  the 
reactor  ranged  from  20 1  min"'  to  3  1  min  '. 

ALE  InP  layer  thicknesses  were  primarily  measured 
using  grazing  incidence  X-ray  diffraction.  A  two-layer 
model  was  used  to  fit  the  experimental  results.  Sput¬ 
tered  Auger  profiling  followed  by  a  surface  profil  erne  ter 
scan  was  used  to  determine  the  uniformity  of  the  ele¬ 
mental  composition  and  to  confirm  the  layer  thickness. 
Sputtered  Auger  profiling  and  X-ray  photoelectron 
spectroscopy  (XPS)  were  performed  using  a  Perkin- 
Elmer  model  570  multitasking  machine.  An  argon  ion 
beam  with  an  energy  of  3  keV  (7  =  0.1  pA)  was  used  for 
the  sputtering.  The  sputter  rate  for  InP  was  about 
300  A  min"'.  300  K  photoreflectance  (PR)  and  77  K 
photoluminescence  (PL)  were  used  to  characterize  the 
GaAs  layers  before  and  after  InP  ALE  passivation.  PR 
was  performed  with  a  monochromatic  light  source  and 
an  argon  ion  laser.  A  silieon  photodetector  and  conven¬ 
tional  lock-in  techniques  were  used  to  measure  the 
modulated  reflectance.  77  K  PL  was  performed  in  a 
liquid  helium  cryostat  in  a  strain-free  mount.  The  lu¬ 
minescence  was  dispersed  through  a  double  1 .0  m  spec¬ 
trometer  and  collected  by  a  GaAs  photomultiplier  tube. 
The  PL  spectra  were  taken  with  an  excitation  intensity 
of  1  W  cm"L 


3.  Results  and  discussion 

3.1.  Atomic  layer  epitaxy  growth 
Figure  1  shows  the  thickness  per  cycle  of  ALE 
growth  as  a  function  of  the  number  of  TMI  moles  per 
cycle.  The  ALE  cycle  consisted  of  a  3  s  TMI  exposure, 
a  3  s  H2  purge,  an  8  s  TBP  exposure,  and  a  3  s  H2  purge 
(3/3/8/3).  The  total  flow  rate  was  31  min"'.  The  TMI 
mole  fraction  was  adjusted  to  reflect  the  decrease  in 
bubbler  efficiency  at  the  higher  TMI  flow  rates.  Mono- 
layer  saturation  is  observed  at  the  higher  TMI  mole 
fractions  as  expected  since  the  growth  proceeded  in  the 
ALE  growth  mode.  The  growth  rate  would  be  linear  as 
a  function  of  the  TMI  mole  fraction  without  a  self-lim¬ 
iting  process  if  the  growth  proceeded  by  the  MOCVD 
growth  mode.  The  TBP  flow  rate  was  200  standard 
cm^min"'  corresponding  to  a  mole  fraction  of  1.2  x 
10"^.  The  TBP  flow  rate  was  not  optimized  but  the 
typical  surface  morphology  of  the  layers  was  highly 
reflective  and  specular  (Fig.  2).  ALE  growth  was  also 
investigated  at  total  flow  rates  up  to  20 1  min  '.  At  the 
higher  total  flow  rates,  very  high  flow  rates  of  TBP 
(greater  than  500  standard  cm^  min"')  were  required  in 
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Fig.  1 .  The  thickness  per  cycle  of  ALE  growth  as  a  function  of  the 
number  of  TMI  moles  per  cycle  is  shown.  The  ALE  cycle  was  3  s 
TMI,  3  s  purge,  8  s  TBP,  3  s  purge.  The  growth  temperature  was 
340  °C.  Self-limiting  growth  with  monolayer  saturation  is  observed. 


Fig.  2.  Surface  morphology  of  an  InP  ALE  layer  (1200  A)  grown  at 
340  °C  is  shown.  The  surface  morphology  is  excellent  at  high  magnifi- 
cation. 


order  to  preserve  the  surface.  The  surface  became  very 
dull  and  indium  droplets  were  clearly  visible  with  the 
naked  eye  when  the  TBP  flow  was  not  sufficient.  Owing 
to  the  high  cost  of  TBP,  it  was  chosen  to  perform  ALE 
growth  at  a  lower  total  flow  rate  in  order  to  maintain  a 
reasonable  consumption  of  TBP.  As  the  total  flow  rate 
is  reduced,  it  is  expected  that  the  gas  velocity  would 
decrease,  resulting  in  longer  residence  times  which  may 
cause  problems  of  intermixing  of  TBP  and  TMI.  How¬ 
ever,  the  results  showed  that  monolayer  saturation  is 
attainable  at  low  total  flow  rates,  indicating  that  the 
growth  was  primarily  in  the  ALE  growth  mode. 

Figure  3  shows  the  thickness  per  cycle  of  ALE 
growth  as  a  function  of  the  number  of  TMI  moles  per 
cycle  at  a  longer  TMI  injection  time  (6  s).  The  ALE 
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Fig.  3.  The  thickness  per  cycle  of  ALE  growth  as  a  function  of  the 
TMI  moles  per  cycle  is  shown.  The  ALE  cycle  was  6  s  TMI,  3  s  purge, 
8  s  TBP,  3  s  purge.  The  growth  temperature  was  340  °C.  Saturation  of 
the  growth  rate  is  not  observed  for  this  particular  TMI  exposure  time. 


Fig.  5.  TEM  of  an  InP  ALE  (320  A)  layer  grown  on  top  of  a  lattice 
matched  InAlAs  layer  (1000  A)  is  shown.  The  interfaces  are  very 
clean  and  distinct.  The  presence  of  microtwins  is  clearly  seen  at  the 
surface. 


cycle  was  6/3/8/3.  The  growth  rate  increases  with  in¬ 
creasing  TMI  mole  fraction  but  a  plateau  is  not  ob¬ 
served.  It  is  possible  that  the  higher  number  of  TMI 
moles  per  cycle  (more  than  2.0  pmol  per  cycle)  and  the 
longer  TMI  exposure  times  may  result  in  three-dimen¬ 
sional  growth  minimizing  the  self-limiting  ALE  growth 
mode.  The  effects  of  growth  temperature  on  the  growth 
rate  are  shown  in  Fig,  4.  The  number  of  TMI  moles  per 
cycle  was  2.1  x  10“^.  The  ALE  cycle  was  6/3/16/3. 
Monolayer  growth  is  observed  at  about  340  ""C  which  is 
consistent  with  previous  ALE  InP  results  [1,  2,  4].  At 
higher  growth  temperatures,  the  self-limiting  ALE  pro¬ 
cess  is  not  evident  owing  to  the  increased  gas  phase 
decomposition.  Previous  work  has  shown  that  TMI 
decomposition  started  at  about  300  °C  and  was  com¬ 
pleted  at  380  °C  [9]. 
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Fig.  4.  The  thickness  per  cycle  of  ALE  growth  as  a  function  of  the 
growth  temperature  is  shown.  The  ALE  cycle  was  6  s  TMI,  3  s  purge, 
16  s  TBP,  3  s  purge.  The  number  of  TMI  moles  per  cycle  was 
2.1  X  10“^  1  monolayer  per  cycle  of  ALE  growth  is  obtained  around 
340  X. 


3.2.  Material  characterization 
A  cross-sectional  transmission  electron  micrograph 
(TEM)  of  an  InP  ALE  layer  grown  on  top  of  a 
lattice-matched  InAlAs  layer  is  shown  in  Fig.  5.  Lattice 
matching  of  the  InAlAs  layer  was  verified  by  double¬ 
crystal  X-ray  diffraction  and  300  K  PR.  The  interfaces 
are  very  clear  and  distinct.  The  InP  layer  is  uniform, 
indicating  that  the  growth  was  two-dimensional.  How¬ 
ever,  there  are  some  microtwins  which  start  at  the 
surface  and  propagate  downwards.  The  presence  of 
microtwins  suggests  that  the  ALE  InP  layer  may  not  be 
perfectly  stoichiometric  at  this  particular  growth  condi¬ 
tion.  A  sputtered  Auger  profile  is  shown  in  Fig.  6.  The 
presence  of  indium  and  phosphorus  is  clearly  shown. 


DEPTH  (A) 


Fig.  6.  A  sputtered  Auger  profile  of  an  InP  ALE  layer  (300A)  grown 
on  top  of  a  lattice  matched  InAlAs  layer  is  shown.  Indium  and 
phosphorus  are  present  at  the  surface.  The  heterojunction  is  abrupt  as 
shown  by  the  sharp  features  at  the  interface. 
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Fig.  7.  A  grazing  incidence  X-ray  diffraction  scan  of  an  InP  ALE 
layer  grown  on  top  of  a  lattice  matched  InAlAs  layer  is  shown.  The 
simulation  results  of  a  two-layer  model  are  also  shown.  The  simula¬ 
tion  results  are  in  good  agreement  with  the  diffraction  scan.  The  InP 
layer  thickness  is  320  A  and  the  InAlAs  layer  thickness  is  1100  A. 

The  interface  is  abrupt  as  shown  by  the  sharp  features 
at  the  interface.  An  estimate  of  the  InP  layer  thickness 
is  about  300  A  as  measured  by  surface  profilemetry  of 
the  sputtered  crater.  The  majority  of  the  thickness 
measurements  were  performed  by  grazing  incidence  X- 
ray  diffraction  [8].  The  high  resolution  of  this  technique 
(±10  A)  is  ideal  for  these  types  of  heterostructures.  A 
typical  scan  along  with  the  simulation  results  is  shown 
in  Fig.  7.  The  spectrum  shows  the  presence  of  very  fine 
oscillations  superimposed  with  a  broader  oscillation. 
The  period  of  the  very  fine  oscillations  corresponds  to 
the  total  layer  thickness  consisting  of  both  the  InAlAs 
and  the  InP  ALE  layer  thickness.  The  period  of  the 
broader  oscillation  corresponds  to  the  InP  ALE  layer. 
An  InP  layer  thickness  of  320  A  and  an  InAlAs  layer 
thickness  of  1 100  A  were  determined.  The  thickness  was 
in  excellent  agreement  with  the  value  obtained  from  the 
TEM  for  this  particular  sample. 

3.3,  Device  applications 

The  lower  surface  recombination  velocity  of  InP  is 
very  attractive  for  many  device  applications.  The  use  of 
thin  layers  of  InP  for  passivating  GaAs  may  improve 
the  GaAs  surface  since  its  surface  recombination  veloc¬ 
ity  is  very  high.  Recent  work  has  shown  that  thin 
lattice-matched  InGaP  layers  (200  A)  improved  the  PL 
intensity  of  GaAs  by  a  factor  of  25  and  are  stable  at 
800  °C  for  10  min  [10].  Because  of  the  lattice  mismatch 
(3.8%)  between  GaAs  and  InP,  pseudomorphic  passi¬ 
vating  layers  are  desirable  in  order  to  avoid  the  genera¬ 
tion  of  dislocations.  A  very  thin  ALE  InP  (15  A)  layer 
corresponding  to  5  monolayers  was  investigated  on 
both  an  undoped  GaAs  substrate  and  an  ion-implanted 


BINDING  ENERGY  (eV) 

Fig.  8.  An  XPS  spectrum  of  a  GaAs  surface  that  has  been  passivated 
with  a  15  A  layer  of  InP  ALE.  The  In  3d  signal  confirms  the  presence 
of  indium  on  the  surface. 

(3  X  lO^^cm”^)  GaAs  metal  semiconductor  field  effect 
transistor  (MESFET)  structure.  XPS  of  the  GaAs  sub¬ 
strate  surface  is  shown  in  Figs.  8-10.  The  presence  of 
indium,  phosphorus,  and  phosphorous  oxide  is  clearly 
shown.  Arsenic  is  present  but  arsenic  oxide  is  not 
detected.  The  absence  of  arsenic  oxide  has  been  shown 
to  be  desirable  for  improvements  in  the  GaAs  surface 
defect  density  [11,  12].  77  K  PL  spectra  of  the  substrate 
before  and  after  passivation  are  shown  in  Fig.  1 1 .  The 
peaks  correspond  to  the  energy  gap  of  GaAs.  An 
improvement  in  the  PL  intensity  (factor  of  2)  is  ob¬ 
served,  indicating  a  reduction  in  the  effective  surface 
recombination  velocity  [13].  300  K  PR  spectra  for  an 
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Fig.  9.  An  XPS  spectrum  of  a  GaAs  surface  that  has  been  passivated 
with  a  15  A  layer  of  InP  ALE.  The  presence  of  phosphorus  and 
phosphorus  oxide  is  clearly  shown. 
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Fig.  10.  An  XPS  spectrum  of  a  GaAs  surface  that  has  been  passi¬ 
vated  with  a  15  A  layer  of  InP  ALE.  The  presence  of  arsenic  and  the 
absence  of  arsenic  oxide  are  evident. 


ion-implanted  GaAs  MESFET  before  and  after  passi¬ 
vation  are  shown  in  Fig.  12.  The  surface  electric  field 
which  is  determined  from  the  Franz-Keldysh  oscilla¬ 
tions  (features  above  the  GaAs  energy  gap)  did  not 
change  as  the  GaAs  MESFET  was  passivated.  The 
preservation  of  the  surface  electric  field  after  passiva¬ 
tion  indicates  that  the  built-in  potential  remained  the 
same.  The  absence  of  arsenic  oxide,  the  increase  in  PL 
intensity,  and  the  preservation  of  the  built-in  potential 
suggest  the  potential  of  ultrathin  ALE  InP  layers  in 
devices. 


Fig.  11.  77  K  PL  spectra  of  an  undoped  GaAs  substrate  before  and 
after  InP  ALE  (15  A)  passivation.  The  peak  corresponds  to  the 
energy  gap  of  GaAs.  An  increase  in  the  PL  intensity  by  a  factor  of  2 
is  observed  after  passivation. 
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Fig.  12.  300  K  spectra  of  an  ion-implanted  GaAs  (3  x  10'’^cm“^) 
MESFET  structure  before  and  after  InP  ALE  (15  A)  passivation.  The 
surface  electric  field  extracted  from  the  Franz-Keldysh  oscillations 
remained  the  same  after  passivation. 


4,  Conclusions 

Self-limiting  ALE  growth  of  InP  was  observed  using 
TMI  and  TBP  at  a  growth  temperature  of  340  °C.  The 
use  of  low  total  flow  rates  which  required  reasonable 
TBP  flows  yielded  monolayer  saturation.  Substantial 
increases  in  the  TMI  fluxes  and  increases  in  growth 
temperatures  beyond  340  °C  resulted  in  growth  rates 
exceeding  1  monolayer  per  cycle.  Uniform  growth  of 
InP  was  verified  by  TEM  and  sputtered  Auger  profil¬ 
ing.  The  use  of  thin  (15  A)  ALE  InP  layers  as  GaAs 
passivating  layers  showed  the  promise  of  these  layers 
for  device  applications.  The  absence  of  arsenic  oxide 
along  with  increases  in  PL  intensity  and  the  preserva¬ 
tion  of  the  built-in  potential  were  observed  with  these 
passivating  layers. 
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Laser-assisted  atomic  layer  epitaxy  of  GaP  in  chemical  beam  epitaxy 
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Abstract 

A  new  atomic  layer  epitaxy  using  a  photo-process  without  alternate  gas  supply  in  chemical  beam  epitaxy  is 
proposed.  The  effects  of  ultraviolet-laser  irradiation  on  GaP  growth  at  low  substrate  temperatures  were  studied  in 
detail  using  triethylgallium  (TEGa)  and  PH3.  The  growth  rate  of  GaP  was  enhanced  by  ultraviolet  light  emitted 
from  an  N2  laser.  The  growth  rate  increased  with  photon  number  and  saturated  above  ~10'^  photons  cm  pulse. 
Under  enough  light  intensity  (2.7  x  10^^  photons  cm“^  pulse),  the  growth  rate  was  kept  constant  in  a  certain  range 
of  TEGa  flow  rate  by  N2  laser  irradiation.  This  result  opens  monolayer  growth  by  UV-irradiation  under  a 
simultaneous  supply  of  source  gases. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  of  III-V  semiconduc¬ 
tors  has  been  studied  mainly  in  vapor  phase  epitaxy 
(VPE)  [1-6].  It  has  suffered  from  a  low  growth  rate. 
The  main  reason  is  due  to  an  approach  based  on 
alternating  supply  of  each  reactant  (Group  III  and  V 
sources  and  a  purge  gas)  with  valve  switching.  The 
switching  time  of  valves  and  the  residence  time  of 
reactants  in  a  reactor  always  limit  the  growth  rate. 
Optimization  of  a  reactor  for  ALE  is  one  of  the  mea¬ 
sures  to  increase  the  growth  rate.  In  organometallic 
VPE  using  a  specially  designed  reactor  without  switch¬ 
ing  gas  supply,  growth  rates  in  the  range  of  0.4- 
0.7  |imh“^  have  been  realized  in  the  ALE  mode  [1]. 

Modification  of  the  surface  reaction  by  photo-irradi¬ 
ation  is  another  measure  to  realize  reasonable  growth 
rate  in  ALE.  Chemical  beam  epitaxy  (CBE)  promises  to 
be  an  attractive  technique  for  the  growth  of  III-V 
semiconductors  owing  to  excellent  controllability  of 
Group  V  sources  with  high  vapor  pressure.  In  CBE 
without  cracking  Group  III  metal -organics,  the  de¬ 
composition  of  metal -organics  takes  place  only  on  a 
heated  substrate,  which  brings  about  crystal  growth 
dominated  by  surface  reactions.  The  surface  reactions 
of  metal -organics  are  expected  to  be  modified  by 
photo-irradiation.  We  have  achieved  efficient  photo¬ 
enhancement  of  GaP  growth  by  N2-laser  irradiation  in 
CBE  [7].  The  modification  of  the  surface  reaction  will 
open  a  new  mode  in  ALE. 

In  this  report,  we  propose  a  new  ALE  process  in 
CBE.  Under  simultaneous  supply  of  source  gases,  de- 
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composition  of  adsorbed  Group  III  metal -organics  on 
a  growing  surface  in  a  high  vacuum  is  triggered  by 
photo-irradiation  with  a  short  laser  pulse  ('^lOns). 
Following  decomposition,  the  reaction  of  Group  V  on 
the  growing  surface  leads  to  a  layer-by-layer  growth. 
Thus,  an  alternate  gas  supply  may  not  be  necessary  in 
the  new  ALE. 


2.  Experimental  details 

The  CBE  system  is  shown  in  Fig.  1.  The  growth 
chamber  with  liquid  N2  shrouds  was  evacuated  to 
^5  X  10~^^torr  with  a  diffusion  pump  before  growth. 
Triethylgallium  (TEGa)  and  PH3  were  used  as  source 
gases.  The  temperature  of  TEGa  was  kept  constant  in  a 
thermostat.  The  flow  rates  of  TEGa  (i^EGa)  were  pre- 
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cisely  controlled  between  0.015  and  0.100  seem  by  a 
mass-flow  controller  without  H2  carrier  gas.  PH3  with  a 
flow  rate  (/^ph3)  0.06  to  1.0  seem  was  precracked  in 

a  thermal  cracking  cell.  In  the  cell,  the  cracking  efficiency 
is  estimated  to  be  around  60%  from  the  reduction  rate 
in  the  peak  intensity  of  34  amu  (PH3)  in  the  mass 
spectrum  detected  by  a  quadrupole  mass  analyzer.  The 
pressure  of  the  chamber  during  epitaxy  was  maintained 
in  the  order  of  10“^  torr.  The  substrate  temperature  was 
varied  between  290  and  500  °C.  GaP  with  orientation  of 
(100)  or  (111)  was  used  as  a  substrate. 

An  N2  laser  used  for  photo-irradiation'  was  operated 
in  pulse  mode  with  a  repetition  rate  of  less  than  20  Hz 
and  a  maximum  power  of  2  mJ.  The  ultraviolet  light 
(337  nm)  emitted  from  the  laser  was  focused  to  change 
the  irradiation  intensity.  The  viewing  port  in  the  growth 
chamber  for  photo-irradiation  was  kept  transparent 
during  a  series  of  growths.  Since  TEGa  shows  no 
absorption  for  wavelengths  longer  than  310  nm  [8], 
TEGa  has  essentially  no  absorption  in  the  gas  phase  for 
the  N2  laser.  The  UV  light  is  thought  to  be  adsorbed  by 
TEGa  on  a  growing  surface. 


3.  Results  and  discussion 

3.1.  Photo -irradiation  effects  in  GaP  epitaxy 
Without  photo-irradiation,  the  growth  rate  in  GaP 
epitaxy  on  a  GaP  (100)  substrate  decreases  with  de¬ 
creasing  temperature  below  390  °C  as  shown  in  Fig.  2. 
The  flow  rates  of  TEGa  and  PH3  were  kept  at  0.020 
and  0.20  seem  respectively.  At  lower  substrate  tempera¬ 
tures  (320-360  °C),  the  growth  rates  of  GaP  are  en¬ 
hanced  with  UV  light  emitted  from  the  N2  laser.  As 
shown  in  Fig.  2,  the  growth  rate  of  GaP  reaches  a 
certain  value  of  0.40pmh“‘  with  photo-irradiation, 
which  is  limited  by  the  supply  of  TEGa. 


425  390  360  340  320  Tsub  (*C) 


Fig.  2.  Growth  rate  of  GaP  and  its  photo-irradiation  effect. 
^TEGa  =  0*020  seem  and  FpH3  =  0.20  seem. 


IRRADIATION  INTENSITY  (photons/cm^pulse) 

Fig.  3.  Growth  rate  by  photo-irradiation  as  a  function  of  photon 
number.  Epi.ijFxEGa  =  ^0,  substrate  temperature  =  350  °C,  repetition 
rate  of  N2  laser  =  7  Hz. 

The  growth  enhancement  increases  with  the  irradi¬ 
ated  photon  number  below  --1  x  10’^  photons  cm"^ 
pulse  (Fig.  3).  The  photon  number  was  calculated  by 
dividing  the  incident  photon  flux  on  a  growing  surface 
by  the  photo-enhanced  area,  assuming  that  the  laser 
beam  is  spatially  uniform.  The  repetition  rate  of  the  N2 
laser  was  kept  at  7  Hz.  GaP  (111)  was  used  for  sub¬ 
strates.  Above  the  photon  number,  the  enhancement  is 
saturated  at  0.43  pm  h“*'  for  =  0.020  seem.  In 

Fig.  3,  the  saturated  value  of  the  growth  rate  becomes 
larger  (0.81  pm  h”^)  in  the  case  of  Fy^ca  =  0.050  seem. 

The  growth  rate  of  0.81  pm  h“*  on  GaP  (111) 
was  obtained  even  for  1  Hz  repetition  by  irradiation 
with  1.0  X  10'^  photons  cm”^  pulse.  Then,  the  value  of 
0.81  pmh“'  corresponds  to  0.71  monolayers  s"’  based 
on  the  monolayer  thickness  of  3.15  A  on  GaP  (111) 
derived  from  the  lattice  constant  (5.45  A).  The  number 
of  Ga  atoms  per  unit  area  of  GaP  (111)  monolayer  is 
estimated  to  be  7.78  x  10^"^  atoms  cm"^  using  the  lattice 
constant.  Thus,  the  number  of  Ga  atoms  deposited  on 
a  growing  surface  was  calculated  to  be  5.5  x  lO'*^  atoms 
cm"^s“^  from  the  growth  rate  of  0.81  pmh~h  If  the 
photo-enhancement  efficiency  is  defined  as  the  ratio  of 
the  number  of  deposited  Ga  atoms  to  the  irradiating 
photon  number  per  unit  area  per  unit  time,  the 
efficiency  is  estimated  to  be  around  5.5  x  10“^. 

A  transient  increase  in  the  surface  temperature  under 
laser  irradiation  was  calculated  to  be  40  °C  at  most, 
based  on  a  calculation  for  one-dimensional  heat  con¬ 
duction  [9-11].  The  time  for  heating  by  irradiation  is  of 
the  same  order  as  the  pulse  width  of  the  laser  ( ^  10  ns), 
and  the  average  surface  temperature  is  not  increased  by 
irradiation.  Also,  GaP  was  deposited  even  at  200  °C 
with  the  same  growth  rate  at  350  °C.  Thereby,  the 
enhancement  of  growth  rate  by  N2  laser  irradiation 
is  believed  to  be  due  to  photochemical  reactions. 
Since  TEGa  in  the  gas  phase  shows  no  absorption  for 
longer  wavelengths  than  310  nm,  adsorbed  TEGa  on  a 
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Fig.  4.  Growth  rate  by  photo-irradiation  as  a  function  of  repetition  of 
N2  laser.  FrEGa  =  0.050  and  0.020sccm,  Ep^JFt^^^=\0,  substrate 
temperature  =  350  ®C,  photon  number  -  1.5  x  10’^  photons  cm pulse. 

growing  surface  may  absorb  UV  light,  which  brings 
growth  enhancement. 

3.2,  Applicability  to  atomic  layer  epitaxy 

Figure  4  shows  the  growth  rate  on  GaP(lll)  at 
350  °C  as  a  function  of  the  repetition  rate  of  the  N2 
laser.  The  growth  rate  increases  linearly  with  the  repeti¬ 
tion  rate  below  1  Hz,  which  shows  that  the  growth  rate 
per  laser  pulse  is  constant.  The  slope  in  Fig.  4  corre¬ 
sponds  to  0.71  monolayer  growth  per  pulse  based  on  a 
monolayer  thickness  of  3.15  A  on  GaP  (111).  Above 
1  Hz,  the  growth  rate  was  kept  constant.  A  time  of 
around  1  s  is  a  critical  value  for  the  photo-process. 

A  TEGa  flow  rate  of  0.050  seem  gives  a  TEGa  supply 
of  2.2  X  10^^  molecules  s“‘  using  Avogadro’s  number. 
The  TEGa  gas  spreads  on  the  substrate  with  a  diameter 
of  around  4-6  cm  (13-28  cm^),  estimated  from  the 
thickness  distribution  of  the  grown  layer.  The  number 
of  TEGa  molecules  coming  onto  the  growing  surface 
per  unit  time  is  calculated  to  be  0.80-1.7  x  10’^ 
molecules  cm“^  s~*  by  dividing  2.2  x  10^^  molecules  s“* 
by  the  above  areas.  The  number  of  Ga  atoms  on  the 
(111)  surface  of  GaP  is  7.78  x  10’"^  cm“^.  If  the  sticking 
probability  of  TEGa  on  GaP  is  close  to  unity,  it  takes 
0.5-1  s  to  complete  one  monolayer  adsorption  of 
TEGa.  For  growth  under  laser  irradiation  with  a  repeti¬ 
tion  rate  higher  than  1  Hz,  the  growth  rate  per  pulse  is 
thought  to  be  limited  by  the  adsorption  and/or  desorp¬ 
tion  process  of  TEGa. 

Based  on  the  above  argument  for  the  result  in  Fig.  4, 
the  growth  rate  per  unit  time  by  irradiation  with  a 
repetition  rate  of  7  Hz  seems  to  be  the  same  as  that 
with  1  Hz.  Thereby,  the  values  of  0.43  and  0.81  pm  h~’ 
with  7  Hz  in  Fig.  3  can  be  obtained  even  with  1  Hz.  By 
dividing  the  growth  rate  per  unit  time  by  the  total 
number  of  laser  pulses  (3600  shots  h"^,  the  values  of 
0.43  and  0.81  pm  h"^  correspond  to  0.38  and  0.71 
monolayer  growth  per  pulse  based  on  the  monolayer 
thickness  of  GaP  (111). 


TEGa  FLOW  RATE  (seem) 


Fig.  5.  Growth  rate  by  photo-irradiation  as  a  function  of  TEGa  flow 
rate.  Fph./FVeg^  =  10,  substrate  temperature  =  350  °C,  repetition  rate 
of  N2  laser  =  7  Hz,  photon  number  =  2.7  x  10*^  photons  cm~^  pulse. 

Figure  5  shows  the  growth  rate  per  unit  time  as  a 
function  of  TEGa  flow  rate  at  a  substrate  temperature 
of  350  °C.  The  ratio  was  maintained  at  10 

with  a  photon  number  of  2.7  x  10’^  photons  cm"^  pulse. 
The  number  of  2.7  x  10^^  photons  cm“^  is  enough  to 
saturate  the  growth  rate  to  a  value  limited  by  the  supply 
of  TEGa  as  shown  in  Fig.  3.  Cross-sectional  images  of 
epilayers  by  a  secondary  electron  microscope  indicated 
that  the  growth  rate  in  the  non-irradiated  area  was  less 
than  0.05  pm  h"^  The  growth  rate  in  the  irradiated  area 
was  kept  constant  at  1.16  pm  h"Mn  the  flow  rate  region 
between  0.050  and  0.080  seem.  The  constant  growth  rate 
corresponds  to  around  one-monolayer  growth  per  pulse. 
Although  the  mechanism  of  saturation  in  the  growth  rate 
is  not  clear,  this  result  indicates  the  feasibility  of  a  new 
photo-process  to  ALE.  In  this  process,  monolayer  growth 
can  be  obtained  with  simultaneous  supply  of  both  Group 
III  and  V  sources,  which  gives  higher  throughput  in  ALE. 


4.  Conclusions 

The  effects  of  ultraviolet-light  irradiation  on  GaP 
epitaxy  have  been  investigated  in  CBE  using  TEGa  and 
thermally  cracked  PH3.  The  growth  rate  of  GaP  was 
enhanced  by  ultraviolet  light  emitted  from  an  N2  laser 
with  a  photon  number  of  ^10^^  photons  cm”^  pulse. 
The  growth  rate  was  kept  constant  in  a  certain  range  of 
TEGa  flow  rate  by  N2  laser  irradiation.  This  prelimi¬ 
nary  result  will  open  a  new  ALE  mode  by  UV-laser 
irradiation  without  an  alternating  gas  supply  in  CBE. 
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Abstract 

An  overview  is  given  of  the  recent  achievements  of  self-limiting  growth  for  AlAs  by  metal- organic  vapor  phase 
epitaxy  using  dimethylaluminumhydride  and  arsine  as  source  materials,  and  its  application  in  (AlAs)„  (GaAs)„ 
short-period  superlattices.  There  is  a  discussion  of  the  possible  A1  configurations  for  two  monolayers  of  self-limiting 
growth,  the  problems  of  carbon  incorporation  in  the  layers  and  the  instability  of  dimethylaluminumhydride. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  of  III-V  compound 
semiconductors,  especially  of  GaAs,  has  been  extensively 
studied  by  a  variety  of  growth  methods  including  metal - 
organic  vapor  phase  epitaxy  (MOVPE),  molecular  beam 
epitaxy  (MBE),  metal -organic  molecular  beam  epitaxy 
(MOMBE)  and  hydride  vapor  phase  epitaxy.  In  promot¬ 
ing  research  in  this  field  it  is  essential  to  establish  the 
ALE  growth  of  other  materials,  which  are  to  be  com¬ 
bined  with  GaAs  for  fabricating  novel  heterostructures 
such  as  short-period  superlattices,  quantum  wires  and 
dots  by  taking  advantage  of  the  attractive  features  of 
ALE.  To  this  effect,  the  ALE  growth  of  AlAs  can  be 
regarded  as  most  important. 

ALE  growth  of  AlAs  has  already  been  studied  by 
several  research  groups.  Ozeki  et  al.  [1]  observed  self- 
limiting  AlAs  growth  at  two  monolayers  per  cycle  using 
an  alternate  supply  of  trimethylaluminum  (TMAl)  and 
arsine  at  500  '’C.  DenBaars  et  al.  [2]  and  Meguro  et  al. 
[3]  achieved  one  monolayer  self-limiting  growth  using 
TMAl  at  460  °C,  and  triethylaluminum  (TEAl)  at  350- 
400  °C  under  laser  irradiation  respectively. 

In  view  of  these  results  in  the  literature,  we  have  come 
to  believe  that  the  self-limiting  growth  of  AlAs  depends 
largely  on  the  reactor  geometry  and  Al  source  used  for 
growth  since  ALE  is  a  surface-kinetic  limiting  growth. 
Using  a  growth  system  capable  of  fast  gas  introduction 
and  dimethylaluminum  hydride  (DMAIH)  as  the  Al 
source,  we  have  observed  one  and  two  monolayer  self- 
limiting  growths  of  AlAs  depending  on  the  DMAIH 
supply  and  growth  temperature  [4].  Taking  advantage  of 
the  temperature  range  where  self-limiting  growth  for 
AlAs  overlaps  with  that  for  GaAs,  we  have  fabricated 
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(AlAs)„  (GaAs)„  short-period  superlattices  entirely  by 
ALE,  for  the  first  time,  at  a  constant  growth  temperature 
[5]. 

First,  we  will  present  the  features  of  our  growth 
system  which  we  believe  are  influential  in  the  resultant 
growth.  Next,  we  will  show  characteristic  behavior  of  the 
ALE  growth  of  AlAs  using  DMAIH  and  arsine,  and  its 
application  for  (AlAs)„  (GaAs)„  short-period  superlat¬ 
tices.  Finally,  discussion  is  made  on  the  possible  growth 
mechanisms  and  the  issue  of  carbon  incorporation. 

2.  Growth  system 

The  growth  system  consisted  of  a  horizontal  cold  wall 
quartz  reactor,  as  shown  in  Fig.  1,  with  a  rectangular 
cross-section  of  72  mm^,  width  of  24  mm  and  height  of 
3  mm,  and  with  a  tapered  region  of  about  180  mm  length 
for  stabilizing  gas  flow.  A  typical  flow  velocity  of  about 
90  ms"^  was  attained  at  a  hydrogen  flow  rate  of 
51min"^  under  a  pressure  of  lOTorr  by  operating  a 
large  capacity  mechanical  booster  pump.  For  the  growth 
of  GaAs  or  AlAs  by  conventional  MOVPE  techniques, 
no  unwanted  deposition  was  observed  on  the  inner  wall 
of  the  reactor  at  the  upper  stream  of  the  substrate, 
implying  that  decomposition  of  source  materials  outside 
the  boundary  layer  on  the  substrate  and  back  flow  of  the 
reactant  gases  were  minimized.  The  source  materials 
were  supplied  using  a  vent-and-run  system  which  ensures 
automatic  pressure  control  and  a  small  dead-space  man¬ 
ifold  operated  by  a  digital  sequence  controller. 

It  has  been  confirmed  that  ALE  growth  of  GaAs  using 
trimethylgallium  and  arsine  can  be  successfully  achieved 
by  this  growth  system  as  shown  in  Fig.  2(a). 

3.  Growth  of  AlAs  and  (AlAs)„  (GaAs)„ 

Using  this  growth  system,  we  tried  to  grow  AlAs  by 
an  alternate  supply  of  TMAl  and  arsine.  However,  no 
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SUBSTRATE  WATER  OUTLET 


Fig.  1.  Side  and  top  views  of  the  reactor. 


TEMPERATURE  CC) 

700  600  500  400  300 


1000/T  (K-^) 


Fig.  2.  Growth  rate  as  a  function  of  growth  temperature  for  (a) 
GaAs  grown  using  TMGa,  (b)  AlAs  grown  using  TMAl  and  (c)  AlAs 
grown  using  DMAIH. 

self”limiting  growth  was  observed  at  the  growth  tem¬ 
peratures  investigated  as  shown  in  Fig.  2(b),  which  is 
contrary  to  the  result  obtained  by  Ozeki  et  aL  [1].  We 
thought  that  this  discrepancy  was  due  to  the  different 
growth  system  or  different  TMAl  used  in  our  study.  We 


were  trying  to  investigate  the  preparation  and  purifica¬ 
tion  processes  of  TMAl,  when  we  happened  to  find  out 
that  a  specially  treated  TMAl  source  containing 
DMAIH  contributes  to  the  enhanced  growth  of  AlAs  at 
low  temperatures. 

The  result  of  AlAs  grown  using  DMAIH  shows  one 
and  two  monolayer  self-limiting  growth  as  shown  in 
Fig.  2(c).  It  is  noted  that  the  temperature  range  of 
self-limiting  growth  is  fairly  wide  and  overlaps  with  that 
of  GaAs.  These  self-limiting  growths  were  also  evi¬ 
denced  by  growth  rate  behavior  upon  changing  pulse 
width  and  flow  rate  of  DMAIH  [4,  5]. 

Taking  advantage  of  this  observation,  we  fabricated 
short-period  superlattices  of  (AlAs)„  (GaAs)„  with 
n  ^  3,  5  and  10  on  GaAs  substrates  at  a  growth  temper¬ 
ature  of  470  °C.  The  formation  of  superlattices  was 
confirmed  by  the  observation  of  X-ray  diffraction  satel¬ 
lite  peaks  as  shown  in  Fig.  3. 


4.  Discussion 

The  observed  behavior  of  one  and  two  monolayer 
self-limiting  growth  can  be  reasonably  explained  as 
given  below.  For  Al  deposition  on  an  As-stabilized 
AlAs  (100)  surface,  an  Al  atomic  layer  is  first  formed  so 
that  Al  atoms  occupy  the  Al  sites  of  the  AlAs  lattice 
resulting  in  one  monolayer  self-limiting  growth.  This 
would  be  the  case  in  our  relatively  low  supply  of 
DMAIH  and  also  for  the  growth  condition  used  by 
Yokoyama  et  al  [6],  where  they  achieved  one  mono- 
layer  growth  of  AlAs  using  thermally  decomposed 
TMAl  to  form  DMAIH  in  a  MOVPE  reactor.  For 
more  than  one  monolayer  per  cycle  Al  deposition,  there 
are  two  possibilities  which  are  depicted  in  Fig.  4.  One  is 
that  the  (100)  plane  of  the  Al  metal  lattice,  which  is 
lattice  matched  to  AlAs  when  it  is  rotated  by  45°,  is 
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Fig.  3.  X-ray  diffraction  patterns  of  (AlAs)„  (GaAs)„  supperlattices 
(n  =3,  5  and  10). 


formed  by  accommodating  Al  atoms  to  as  many  as 
twice  the  number  of  Al  sites  in  the  AlAs  lattice,  as 
shown  in  Fig.  4(a).  The  other  is  that  Al  atoms  also 
occupy  the  As  site  of  the  AlAs  lattice  to  form  a  second 
Al  atomic  layer  as  shown  in  Fig.  4(b).  Any  of  these 
would  result  in  two  monolayer  self-limiting  growth  in 
the  case  of  relatively  high  DMAIH  supply.  According 
to  the  proposed  Al  configurations  a  question  may 
arise  as  to  whether  intermediate  self-limiting  growths 
such  as  1.5  monolayer  per  cycle  are  also  possible. 
However,  we  believe  that  the  Al  configurations  respon¬ 
sible  for  such  a  possiblility  are  energetically  unstable  in 
view  of  the  fact  that  the  two  monolayer  growth  imme¬ 
diately  follows  the  one  monolayer  growth  with  increas¬ 
ing  Al  source  supply. 

As  described  above,  ALE  of  AlAs  was  successfully 
achieved  over  a  wide  temperature  range  by  using 
DMAIH  as  the  Al  source.  However,  a  few  problems 
still  exist  with  its  device  application.  One  is  the  incorpo¬ 
ration  of  carbon  in  the  AlAs  layer.  Figure  5  shows 
X-ray  diffraction  patterns  of  AlAs  layers  grown  by 
MOVPE  and  ALE.  The  diffraction  peak  of  AlAs  layers 
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Fig.  4.  A  possible  mechanism  of  one  and  two  monolayer  AlAs 
growth. 
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Fig.  5.  X-ray  diffraction  patterns  of  AlAs  layers  grown  on  GaAs 
substrates  by  (a)  MOVPE  and  (b)  ALE. 


grown  by  MOVPE  appears  at  a  diffraction  angle  lower 
than  that  of  GaAs  substrate  as  shown  in  Fig.  5(a)  since 
the  MOVPE-grown  AlAs  lattice  is  slightly  larger  than 
the  GaAs  lattice.  However,  the  diffraction  peak  of  the 
AlAs  grown  by  ALE  appears  at  the  opposite  side  as 
shown  in  Fig.  5(b),  implying  that  the  AlAs  layer  has  a 
smaller  lattice  constant.  Such  a  curious  phenomenon 
can  be  explained  by  assuming  that  carbon  incorpora¬ 
tion  in  the  layer  resulted  in  a  decrease  in  the  average 
lattice  constant  of  AlAs.  The  estimated  carbon  concen¬ 
tration  of  mid  lO^^cm”^  was  also  confirmed  by  the 
analysis  of  secondary  ion  mass  spectroscopy.  Several 
efforts  have  been  made  to  reduce  the  carbon  content, 
which  include  an  increase  in  growth  temperature,  an 
increase  in  pressure,  a  decrease  in  DMAIH  supply  and 
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an  increase  in  arsine  supply.  As  a  result,  it  has  been 
found  that  the  carbon  incorporation  is  reduced  to  some 
extent  by  high  temperature  one  monolayer  ALE 
growth,  which  is  achieved  by  decreasing  the  DMAIH 
supply,  and  the  increase  of  ASH3  supply.  Further  study 
is  necessary  to  dramatically  reduce  the  carbon  content. 

Another  problem  is  the  instability  of  DMAIH  over 
many  long  growth  runs.  It  is  well  known  that  DMAIH 
can  be  in  the  form  of  dimers,  trimers  and  much  larger 
molecules.  During  the  introduction  of  hydrogen  carrier 
gas  into  the  DMAIH  container,  its  structure  would 
change  resulting  in  a  change  of  growth  conditions. 
Further  studies  yet  to  be  done  would  include  the  re¬ 
placement  of  hydrogen  carrier  gas  by  inert  gases  and 
the  use  of  alternative  Al  sources. 


5.  Summary 

After  presenting  the  features  of  our  growth  system, 
which  we  believe  are  influential  in  the  resultant  growth. 


we  have  shown  the  characteristic  behavior  of  ALE 
growth  of  AlAs  using  DMAIH  and  arsine,  and  its 
application  to  (AlAs)„  (GaAs)„  short-period  superlat¬ 
tices.  Finally,  there  was  a  discussion  of  the  possible  Al 
configurations  for  the  observed  one  and  two  monolayer 
self-limiting  growth,  and  the  issues  of  carbon  incorpo¬ 
ration  in  ALE-grown  AlAs  layers  and  the  long-term 
instability  of  the  DMAIH  source. 
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Abstract 

In  order  to  lower  the  epitaxy  temperature  of  GaAs  on  ZnSe,  the  effect  of  photoirradiation  on  the  growth  and/or 
reaction  mechanism  in  the  initial  growth  stage  in  MOMBE  of  GaAs  has  been  studied  by  utilizing  the  surface 
photoabsorption  technique.  It  has  been  found  that  excess  carriers  photoinduced  in  ZnSe  can  contribute  to  the 
decomposition  of  TEGa  on  ZnSe,  but  those  photoinduced  in  GaAs  cannot.  This  has  been  attributed  to  the 
photocatalytic  effect  of  the  decomposition  of  TEGa  on  the  ZnSe  surface.  It  has  been  confirmed  that  photoirradia¬ 
tion  is  effective  for  enhancing  the  growth  rate  at  low  temperatures,  resulting  in  decreased  epitaxy  temperature  of 
GaAs  on  ZnSe. 


1.  Introduction 

Strained  layer  superlattices  (SLSs)  consisting  of  wide- 
gap  II -VI  compound  barriers  and  III-V  compound 
wells  have  attracted  considerable  attention  as  a  new 
material  for  short- wavelength  optoelectronic  devices.  In 
particular,  ZnSe/GaAs  SLSs  are  promising  because 
their  energy  bandgap  covers  wavelengths  from  the 
blue/green  to  red  region  [1,  2].  Further,  the  lattice 
mismatch  between  ZnSe  and  GaAs  is  quite  small. 

One  of  the  difficulties  in  realizing  high  quality 
ZnSe/GaAs  SLSs  with  atomically  abrupt  interfaces  is 
the  difference  in  the  optimum  growth  temperature;  the 
growth  temperature  for  GaAs  (500-600  °C)  is  much 
higher  than  that  for  ZnSe  (250-350  °C).  This  results  in 
difficulty  in  growing  high  quality  GaAs  and  ZnSe  layers 
at  the  same  growth  temperature.  Further,  the  growth  of 
GaAs  on  ZnSe  at  such  high  temperatures  is  quite 
difficult  because  the  probability  of  the  As  precursors 
adhering  to  ZnSe  is  quite  small  [3,  4].  Therefore,  a 
reduction  in  the  growth  temperature  of  GaAs  on  ZnSe 
is  worthy  of  investigation.  Decreased  growth  tempera¬ 
ture  is  also  favorable  for  reducing  cross-diffusion  at  the 
interface. 

In  this  paper,  we  investigate  how  to  lower  the  epitaxy 
temperature  of  GaAs  on  ZnSe.  Thus  growth  and/or 
reaction  kinetics  in  the  initial  growth  stage  of  pho- 
toassisted  metal -organic  molecular  beam  epitaxy 
(MOMBE)  of  GaAs  on  ZnSe  has  been  studied  using  a 
surface  photoabsorption  (SPA)  technique  [5].  It  will  be 
shown  that  the  photoinduced  excess  carriers  can  con¬ 
tribute  to  the  decomposition  of  Ga  precursors,  resulting 
in  decreased  growth  temperatures. 


2.  Experimental  details 

MOMBE  was  used  as  a  growth  method,  and  both 
GaAs  and  ZnSe  layers  were  grown  in  the  same  growth 
chamber.  Dimethyl  zinc  (DMZn)  and  hydrogen  sel- 
enide  (H2Se)  were  used  as  sources  for  ZnSe,  and  tri¬ 
ethyl  gallium  (TEGa)  and  diethyl  arsine  hydride 
(DEAsH)  were  used  for  GaAs.  If  necessary,  DMZn, 
H2Se,  and  DEAsH  were  thermally  cracked  in  a  crack¬ 
ing  cell  before  reaching  the  substrate.  Semi-insulating 
(001)  GaAs  was  used  as  a  substrate. 

An  argon  (Ar)  ion  laser  was  used  as  an  excitation 
light  source  because  it  has  several  emission  lines  whose 
energies  are  below  and  above  the  energy  bandgap  of 
ZnSe  at  growth  temperatures  of  250-400  °C  [6].  The 
photon  energy  of  the  488  nm  emission  line  is  well  above 
the  bandgap  of  ZnSe  and  that  of  the  514.5  nm  line  is 
below  the  bandgap,  though  it  becomes  almost  the  same 
as  the  bandgap  of  ZnSe  at  400  °C.  Taking  this  into 
account,  the  488  nm  line  was  used  mainly  as  an  excita¬ 
tion  light  source.  The  laser  line  was  normally  incident 
on  the  substrate  surface  and  its  typical  power  intensity 
was  kept  as  low  as  40  mW  cm“^  compared  with  con¬ 
ventional  laser-assisted  ALE  of  GaAs  [7]. 

First,  a  thin  ZnSe  layer  of  thickness  130  nm  was 
grown  on  GaAs  at  300  °C  using  thermally  cracked 
DMZn  and  H2Se  sources  [8].  Following  this,  the  sub¬ 
strate  temperature  was  increased  up  to  that  for  GaAs 
growth.  In  order  for  the  ZnSe  layer  surface  to  be 
Zn-terminated  until  just  before  the  growth  of  GaAs,  the 
DMZn  flow  was  kept  unchanged  until  the  growth  of 
GaAs  began.  Further,  TEGa  and  DEAsH  were  alter¬ 
nately  supplied  to  the  ZnSe  layer  surface,  and  their 
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decomposition  mechanism  both  with  and  without  pho- 
toirradiation  has  been  investigated  by  using  the  SPA 
technique.  A  632.8  nm  line  from  a  He-Ne  laser  was 
used  as  a  probe  light  for  SPA  and  the  incident  angle 
was  set  at  70°  toward  [110].  The  SPA  signals  were 
acquired  and  analyzed  by  a  computer  system. 


3.  Results  and  discussion 

3.1.  Effect  of  photoirradiation  on  the  decomposition 
of  TEGa  and  DEAsH 

Figure  1  shows  how  photoirradiation  (488  nm) 
affects  the  SPA  signals  for  the  alternate  supply  of 
TEGa  and  DEAsH  on  a  Zn-terminated  ZnSe  surface  at 
400  °C;  Fig.  1(a)  and  (b)  are  the  cases  without  and  with 
photoirradiation  respectively.  In  this  experiment, 
DEAsH  was  not  thermally  cracked  and  the  source-gas 
supply  was  initiated  by  DEAsH.  It  is  shown  in  Fig.  1(a) 
{i.e.  the  case  without  photoirradiation)  that  no  signifi¬ 
cant  signal  change  is  observed.  When  irradiated  with 
photons,  however,  it  is  clearly  shown  that  the  SPA 
signal  is  greatly  affected  especially  during  the  TEGa- 
supply  cycle. 

The  notable  features  shown  in  Fig.  1(b)  are: 

(1)  for  the  first  TEGa-supply,  the  SPA  signal  de¬ 
creases  at  first  but  it  soon  begins  to  increase; 

(2)  for  the  second  TEGa-supply,  the  SPA  signal 
increases  continuously: 

(3)  no  signficant  signal  change  is  observed  during 
the  DEAsH-supply  cycle. 

According  to  the  results  reported  previously  for  SPA 
signals  of  the  epitaxy  of  GaAs  [9],  it  is  known  that 


Fig.  1.  The  effect  of  photoirradiation  (488  nm)  on  the  SPA  signals 
for  the  alternate  supply  of  TEGa  and  DEAsH  to  a  Zn-terminated 
ZnSe  surface  at  400  "C:  (a)  non-irradiated;  (b)  Ar-^  laser  irradiated. 


Fig.  2.  The  effect  of  intermittent  photoirradiation  on  the  SPA  signal 
during  TEGa  supply.  The  experiment  was  performed  in  succession  to 
that  shown  in  Fig.  1(b). 


under  the  experimental  conditions  stated  above,  the 
intensity  of  the  SPA  signal  for  a  Ga-terminated  surface 
is  lower  than  that  for  As-terminated,  ft  is  also  known 
that  the  SPA  signal  begins  to  increase  if  the  surface  of 
the  layer  is  covered  by  high-density  small  Ga  droplets 
{i.e.  excess  Ga  atoms  of  more  than  one  monolayer). 
Therefore,  it  has  been  found  that  TEGa  can  be  decom¬ 
posed  on  a  ZnSe  surface  by  irradiating  with  a 
488  nm  Ar  laser  line.  Further,  the  results  shown  in  Fig. 
1  indicate  that  DEAsH  cannot  be  decomposed  at 
400  °C  even  under  photoirradiation.  In  fact,  no  deposi¬ 
tion  of  a  GaAs  layer  could  be  observed  when  using 
uncracked  DEAsH  even  under  photoirradiation, 
though  GaAs  layers  could  be  grown  when  using  ther¬ 
mally  cracked  DEAsH. 

In  order  to  confirm  further  that  TEGa  can  be  decom¬ 
posed  by  irradiation  with  photons,  the  effect  of  inter¬ 
mittent  photoirradiation  on  the  SPA  signal  during  the 
TEGa-supply  was  investigated.  In  succession  to  the 
experiment  shown  in  Fig.  1(b),  TEGa  was  supplied  to 
the  same  sample  and  the  488  nm  line  was  irradiated 
intermittently  as  indicated  in  Fig.  2.  It  can  be  seen 
clearly  that  the  SPA  signal  increases  only  when  both  the 
TEGa  supply  and  Ar  ion  irradiation  are  coincident. 
This  also  indicates  that  TEGa  can  be  decomposed  by 
photoirradiation.  The  reason  why  the  SPA  signal  still 
increases  slightly  after  termination  of  the  TEGa  supply 
is  attributed  to  incomplete  gas  flow  termination. 

3.2.  Effect  of  As  precursors  on  the  decomposition 
of  TEGa  ‘ 

As  shown  in  Fig.  1,  when  using  uricracked  DEAsH, 
no  SPA  signal  change  was  observed  apart  from  that 
due  to  photoirradiation.  In  order  to  investigate  the 
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Fig.  3.  SPA  signal  when  thermally  cracked  DEAsH  was  supplied  to 
Zn-terminated  ZnSe. 


effect  of  As  precursors  on  the  SPA  signal,  experiments 
using  thermally  cracked  DEAsH  were  performed. 

Figure  3  shows  how  the  SPA  signal  changes  when 
DEAsH  cracked  at  680  °C  is  supplied  to  Zn-terminated 
ZnSe.  It  can  be  seen  that  the  SPA  signal  intensity 
increases  when  cracked  DEAsH  is  supplied  and  it  tends 
to  saturate  quite  soon.  This  indicates  that  an  As  mono- 
layer  can  be  formed  on  the  surface.  This  is  quite  different 
from  the  result  shown  in  Fig.  1 .  It  was  found  that  only 
when  DEAsH  was  thermally  cracked  could  GaAs  layers 
be  grown,  and  when  cracked  DEAsH  and  TEGa  were 
supplied  alternately,  SPA  signal-intensity  oscillations 
corresponding  to  layer-by-layer  growth  of  GaAs  were 
observed. 

On  supplying  TEGa  in  succession  to  the  formation  of 
an  As  layer,  it  was  confirmed  that  the  SPA  signal 
intensity  began  to  decrease  just  after  the  TEGa  supply. 
This  is  similar  to  the  case  shown  in  Fig.  1 .  These  results 
indicate  that  TEGa  can  be  decomposed  on  photoirradi¬ 
ation  in  both  cases  where  cracked  and/or  uncracked 
DEAsH  are  on  ZnSe.  In  order  to  investigate  the  effect 
of  As  precursors  on  the  decomposition  of  TEGa  on 
ZnSe,  TEGa  was  supplied  directly  to  Zn-terminated 
ZnSe  and  the  corresponding  SPA  signals  were  observed; 
the  result  is  shown  in  Fig.  4.  Unlike  the  cases  in  which 
As  precursors  were  supplied  at  first,  the  SPA  signal 
intensity  is  kept  unchanged  in  the  beginning  and  begins 
to  increase  after  a  considerable  amount  of  “incubation” 
time.  It  should  be  noted  that  no  decrease  in  the  SPA 
signal  was  observed  in  this  case.  This  indicates  that  a  Ga 
monolayer  cannot  be  formed  and  high-density  small  Ga 
droplets  are  formed  from  the  beginning.  Comparing  the 
results  shown  in  Figs.  1  and  4,  it  was  found  that  As 
precursors  on  the  ZnSe  formed  by  using  both  cracked 
and  uncracked  DEAsH  affect  the  decomposition  of 
TEGa  on  ZnSe.  Although  the  mechanism  is  not  clear  at 
present,  we  suppose  the  presence  of  As  precursors  on 
ZnSe  to  affect  the  adsorption  of  TEGa  on  the  surface. 


Fig.  4.  SPA  signal  when  TEGa  was  supplied  directly  to  Zn-termi- 
nated  ZnSe. 


3.3.  Effect  of  ZnSe  layer  on  the  decomposition 
of  TEGa 

Finally,  the  effects  on  the  decomposition  of  TEGa  of 
(1)  the  presence  of  a  ZnSe  layer  and  (2)  photoirradia¬ 
tion  were  investigated. 

First,  in  order  to  investigate  how  the  ZnSe  layer 
affects  the  decomposition  of  TEGa,  the  source  gases 
were  supplied  directly  onto  GaAs  substrate  at  400  °C, 
and  the  SPA  signal  was  observed.  Although  DEAsH 
and  TEGa  were  supplied  alternately  onto  GaAs  under 
photoirradiation,  no  change  in  the  SPA  signal  was 
observed.  This  indicates  that  photoinduced  excess  carri¬ 
ers  in  GaAs  cannot  contribute  to  the  decomposition  of 
TEGa.  Therefore,  it  has  been  found  that  the  presence  of 
a  ZnSe  layer  is  essential  for  the  decomposition  of  TEGa 
under  photoirradiation. 

Next,  in  order  to  investigate  how  photoirradiation 
affects  the  decomposition  of  TEGa,  a  514.5  nm  line 
from  an  Ar  ion  laser  was  used  as  an  excitation  light 
instead  of  the  488  nm  line,  and  SPA  signals  were  ob¬ 
served.  The  results  are  shown  in  Fig.  5.  Unlike  the  case 
using  the  488  nm  line,  however,  no  change  in  the  SPA 
signal  was  detected  during  the  TEGa  supply  when  using 
the  514.5  nm  line.  As  already  stated,  the  photon  energy 
of  the  514.5  nm  line  is  almost  the  same  as  the  bandgap 
energy  of  ZnSe  at  the  growth  temperature,  resulting  in 
insufficient  photoabsorption  by  ZnSe  layers  as  thin  as 
130  nm.  This  indicates  that  photoinduced  excess  carri¬ 
ers  in  ZnSe  play  an  important  role  in  the  decomposition 
of  TEGa  under  photoirradiation. 

The  results  mentioned  in  this  section  are  very  similar 
to  those  observed  in  the  photoassisted  MOVPE  of 
ZnSe  [10],  where  growth  rate  enhancement  by  photoir- 
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Fig.  5.  The  effect  of  photon  energy  on  the  decomposition  of  TEGa 
on  ZnSe.  The  photon  energy  of  the  488  nm  line  is  well  above  the 
energy  bandgap  of  ZnSe  at  the  growth  temperature,  resulting  in 
suffcient  photoabsorption  by  the  ZnSe  layer.  However,  the  energy  of 
the  514.5  nm  line  is  almost  the  same  as  the  bandgap,  resulting  in 
insufficient  photoabsorption  by  ZnSe  layers  as  thin  as  130nm. 


radiation  is  attributed  to  the  photocatalytic  phenomena 
of  photoinduced  excess  carriers  (probably  holes)  on 
ZnSe.  Therefore,  we  believe  that  the  decomposition  of 
TEGa  resulting  in  growth  rate  enhancement  of  GaAs  at 
low  temperatures  will  also  be  attributed  to  photocataly¬ 
sis  by  the  photoinduced  excess  carriers  (probably  excess 
holes)  on  ZnSe. 


4.  Conclusion 

In  order  to  lower  the  epitaxy  temperature  of  GaAs 
on  ZnSe,  the  effect  of  photoirradiation  on  the  growth 
and/or  reaction  mechanism  in  the  initial  growth  stage 
of  MOMBE  of  GaAs  has  been  studied  utilizing  the 


SPA  technique.  It  has  been  found  that  excess  carriers 
photoinduced  in  ZnSe  can  contribute  to  the  decomposi¬ 
tion  of  TEGa  on  ZnSe,  but  those  photoinduced  in 
GaAs  cannot.  This  has  been  attributed  to  the  photocat¬ 
alytic  effect  on  the  decomposition  of  TEGa  on  the  ZnSe 
surface.  It  has  been  confirmed  that  photoirradiation  is 
effective  for  enhancing  the  growth  rate  at  low  tempera¬ 
tures,  resulting  in  a  decreased  epitaxy  temperature  for 
GaAs  on  ZnSe. 
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Abstract 

A  high  resolution  measuring  method  to  determine  lattice  mismatch  or  the  composition  for  a  single  ultra  thin 
Ga^lrii  _;cAs  ternary  layer  is  discussed.  The  maximum  errors  of  lattice  mismatch  and  composition  x  depend  strongly 
on  the  uncertainty  of  band-offset  and  are,  respectively,  +  0.10%  and  ±  0.01  in  the  case  of  a  two-monolayer  GalnAs 
single  quantum  well  for  band-offset  uncertain  at  a  conduction  band  of  =  0.42  ±  0.02  eV.  The  accuracy  of 
this  method  is  also  calibrated  using  an  X-ray  diffraction  technique  for  multiple  quantum  well  structures  of 
two-monolayer  thick  wells  grown  by  digital  epitaxy.  This  method  may  also  be  applied  to  GalnAsP  quaternary. 


1.  Introduction 

Determining  the  lattice  match  conditions  of  a  sub¬ 
strate  or  the  composition  of  an  ultra  thin  single  GalnAs 
epitaxial  layer  is  an  important  technique  for  repro¬ 
ducible  fabrication  and/or  device  fabrication.  However, 
although  X-ray  diffraction  has  been  a  powerful  detection 
tool  for  relatively  thicker  epitaxial  layers  or  multiple 
quantum  well  structures,  the  detection  or  measurement 
of  these  parameters  becomes  very  difficult  in  the  case  of 
a  single  quantum  well  a  few  monolayers  thick  [1]. 

On  the  other  hand,  an  actual  lattice  image  obtained 
by  high  resolution  transparent  electron  microscopy 
(TEM)  could  be  a  promising  technique  for  counting  the 
number  of  atomic  layers  of  (Ga  +  In),  In,  As  or  P,  or 
GalnAs  monolayers  [2].  However,  contrast  of  the  TEM 
image  between  the  GalnAs  and  InP  layers  becomes 
weak  at  high  magnification  and  this  TEM  technique 
cannot  be  applied  to  the  measurement  of  the  composi¬ 
tion  of  the  GalnAs  epitaxial  layer. 

In  this  paper,  a  high  resolution  method  of  measuring 
lattice  mismatch  or  the  composition  of  a  single  ultra 
thin  GalnAs  ternary  layer  is  proposed.  For  this  pur¬ 
pose,  fundamental  parameters  such  as  effective  masses 
of  electrons  and  holes,  band-offsets  at  the  heterojunc¬ 
tions,  and  energy  gaps  of  GalnAs  and  InP  are  cali¬ 
brated  using  the  values  of  blue  shift  measured  by  the 
photoluminescence  technique  for  fine  single  GalnAs 
quantum  wells  grown  by  digital  epitaxy.  The  accuracy 
of  the  layer  number  determined  by  the  photolumines¬ 
cence  technique  is  also  checked  by  a  high  resolution 
TEM  image  obtained  from  the  same  sample.  The  reso¬ 
lution  limit  of  this  measuring  method  and  the  applica¬ 
tion  of  this  technique  to  GalnAsP  quaternary  are  also 
discussed. 


2.  Digital  epitaxy  of  monolayer  GalnAs  on  InP 
by  metal -organic  molecular  beam  epitaxy 

In  order  to  realize  an  atomically  flat  GalnAs  epi¬ 
taxial  layer  across  the  epitaxial  substrate,  an  atomi¬ 
cally  flat  substrate  surface  has  to  be  prepared  before 
digital  epitaxy.  For  this  purpose,  an  InP  buffer  layer 
and  a  thick  GalnAs  layer  were  grown  on  the  InP 
substrate  as  the  first  step.  This  process  is  very  impor¬ 
tant  for  the  epitaxial  growth  of  spatially  flat  GalnAs 
of  two-monolayer  thickness  on  a  commercially  avail¬ 
able  InP  substrate,  normally  in  atomic  steps.  Then  a 
single  GalnAs  ternary  layer  of  two-monolayer  thick¬ 
ness  and  an  InP  barrier  were  grown  by  metal -organic 
molecular  beam  epitaxy  (MOMBE),  in  which  atomic 
sources  such  as  TMI,  TEG  and  ASH3  in  the  case  of 
GalnAs  epitaxy,  or  TMI  and  PH3  for  InP,  were  in¬ 
jected  not  alternately  but  simultaneously  onto  the  epi¬ 
taxial  surface. 

Another  key  growth  condition  for  digital  epitaxy  is 
the  growth  temperature.  If  the  growth  temperature  is 
selected  above  500  +  5  °C,  epitaxial  growth  becomes 
digital  as  reported  earlier  [3].  The  typical  growth  time 
was  0.2-0. 7  s  for  a  two-monolayer,  and  1.6-2. 7  s  for  a 
three-monolayer  deposit  respectively  in  digital  epitaxy. 
Figure  1  shows  the  TEM  lattice  image  of  a  two-mono- 
layer  GalnAs/InP  quantum  well  grown  by  digital  epi¬ 
taxy.  Another  wide  range  TEM  image  indicates  that 
there  was  no  atomic  step  in  the  GalnAs  epitaxial  layer 
of  length  90  nm. 

However,  the  PL  peak  wavelength,  which  is  mea¬ 
sured  from  the  ultra  thin  GalnAs  epitaxial  layer,  was 
scattered  sometimes  in  a  range  of  a  few  nanometers. 
This  fluctuation  originates  not  from  thickness  varia¬ 
tions,  but  from  small  fluctuations  of  the  composition  in 
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Fig.  1.  High  resolution  (Oil)  cross-sectional  TEM  image  for  a  single 
ultra  thin  GalnAs  layer  grown  by  digital  epitaxy,  with  a  single  PL 
spectrum  originated  from  two~monolayer  GalnAs.  In  this  figure,  the 
darker  regions  around  the  lighter  pattern  correspond  to  hexagons  of 
the  atomic  arrangement  on  the  (Oil)  surface  in  the  zinc  blende  structure. 

the  ultra  thin  GalnAs  ternary  layer,  as  scattering  origi¬ 
nating  from  thickness  variations  is  larger,  as  discussed 
in  Section  3.1  (See  Fig.  2). 


3.  Theory  of  blue  shift  in  GalnAs/InP  quantum  wells 

3.L  Calculation  of  blue  shift 

When  we  measure  the  photoluminescence  of  the 
GalnAs/InP  quantum  well  structure,  the  peak  wave¬ 
length  is  shifted  to  a  higher  energy  site.  This  phe¬ 
nomenon  is  ordinarily  called  a  blue  shift.  The 
theoretical  value  of  the  blue  shift,  which  originated 
from  the  quantum  size  effect,  was  calculated  by  a 
simplified  effective  mass  approximation  theory  using 
some  physical  parameters,  such  as  band-offsets  in  a 
conduction  band  or  valence  band,  and  effective  masses 
of  electrons  and  holes  [4]. 

Figure  2  shows  the  calculated  blue  shift  for  the  range 
of  thickness  from  one-  to  ten-monolayer  GalnAs  quan¬ 
tum  wells  for  an  InP  barrier  width  of  20  nm.  In  this 
calculation,  the  conduction  band-offset  was  42%  of  the 
bandgap  difference  between  InP  and  GalnAs  [5],  the 
electron  effective  mass  was  0.041  mg  [6],  and  the  heavy 
hole  mass  was  0.470mo  for  GalnAs  [7],  where  is  the 
electron  mass  in  free  space. 

In  this  monolayer  region,  the  blue  shift  changes 
digitally  or  step-wise,  as  shown  in  Fig.  2,  and  the 
number  of  monolayers  can  be  determined  by  using  this 
digital-like  blue  shift.  The  accuracy  of  this  measurement 
depends  strongly  on  the  accuracy  of  the  physical 
parameters,  and  increases  with  a  decrease  in  the  num¬ 
ber  of  monolayers.  Therefore,  if  we  can  decide  directly 
the  number  of  monolayers  by  a  suitable  technique,  for 
example,  a  high  resolution  TEM  image,  then  we  can 
calibrate  these  physical  parameters  and  determine  the 
absolute  value  of  the  blue  shift  for  lattice  matched,  as 
well  as  lattice  mismatched,  GalnAs  quantum  well  to 
InP. 

3.2.  Calculation  of  the  relation  between  peak  wavelength 
shift  and  lattice  mismatch  or  composition  x 
of  GaJn^_^As 

The  calculated  relation  between  the  peak  wavelength 
shift  (the  differene  in  the  blue  shift  for  the  GalnAs 
lattice  matched  to  InP)  and  the  lattice  mismatch  (A«/a) 
or  composition  x  for  Ga^.Inj  As  is  illustrated  in  Fig. 
3  for  two-  to  six-monolayer  thicknesses,  where  the  lat¬ 
tice  constant  of  InP  was  assumed  to  be  a(InP)  = 
0.586  875  nm  [8].  The  blue  shift  for  lattice-matched 
GalnAs  is  calculated  by  using  the  following  parameters: 
the  measured  bandgaps  of  GalnAs  and  InP, 
E’g( GalnAs)  =0.810  eV,  which  is  equal  to  an  earlier 
report  [9]  and  E'g(InP)  =  1.332  eV  at  77  K;  the  band- 
offset  of  the  conduction  band  at  the  hetero  barrier  of 
(AE^IAEg)  =0.42;  and  the  effective  masses  of  electrons 
and  heavy  holes  of  (mg/mo)  =  0.041  and  (mhhli^o) 
=  0.470;  where  AE^  is  defined  as  AE'g  =  {E’g(InP) — 
£'g( GalnAs)},  respectively.  The  calculated  blue  shift  for 
lattice-matched  GalnAs  has  been  fitted  completely  to 
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Eg6ahA*(77K)=0.810[eVj 
Eg  inp(77K)=1.332[eV] 
AEc/AEfl  =0.42 
AEv/AEg  =0.58 
m«Vmo  =0.041 
mhh*/nio  =0.470 


Fig.  2.  Theoretical  calculation  of  the  blue  shift  calculated  by  sim¬ 
plified  effective  mass  theory. 
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Fig.  3.  The  calculated  relation  between  the  peak  wavelength  shift  and 
the  lattice  mismatch  Aaja  or  composition  x  for  Ga^In,_^As  for 
two-monolayer  to  six-monolayer  thickness.  The  experimental  result 
for  a  GalnAs  ternary  multiple  quantum  well  of  two-monolayer 
thickness  is  plotted  as  a  closed  circle  with  an  error  bar. 


that  obtained  from  the  experimental  results  for  two-  to 
five-monolayer  thick  GalnAs  quantum  wells  grown  by 
digital  epitaxy  using  the  MOMBE  technique.  In  Fig.  3, 
the  zero  point  of  the  peak  wavelength  shift  is  equal  to 
the  blue  shift  corresponding  to  the  lattice-matched 
GalnAs  layer. 


The  theoretical  fluctuations  originating  from  the  un¬ 
certainty  in  the  reported  physical  parameters  are  sum¬ 
marized  in  Table  1 .  The  maximum  errors  in  the 
measured  lattice  mismatch  A(Aala)  and  composition  Ax 
originate  from  the  uncertainty  in  the  band-offset  (AE^j 
A£’g)  for  the  two-monolayer  thickness  [5],  and  become 
A(Aa/fl)  =  +  0.10%  and  Ax  =±0.01  respectively. 
Other  theoretical  fluctuations  due  to  thicker  epitaxial 
layers  of  three-monolayer  and  four-monolayer  are  also 
summarized  in  Table  1  and  have  smaller  values. 

Calibration  of  these  physical  parameters  becomes 
possible  by  checking  the  absolute  value  of  the  blue  shift 
of  a  single  quantum  well.  As  a  result,  these  physi¬ 
cal  parameters,  which  are  used  for  the  theoretical  calcu¬ 
lation,  are  summarized  as  true  values  in  Table  1. 
The  calculated  blue  shifts  using  these  physical  param¬ 
eters  fit  the  experimental  results  for  two-monolayer  to 
five-monolayer  thick  GalnAs  single  quantum  wells. 

4.  Experimental  results 

The  usefulness  of  this  method  was  demonstrated  for 
bulk  GalnAs  (relatively  thick  epitaxial  layer  of 
234  nm).  The  experimental  results  are  shown  in  Fig.  4, 
where  the  peak  wavelength  shift  from  the  lattice- 
matched  GalnAs  layer  is  plotted  as  a  closed  circle  with 
an  error  bar.  On  the  other  hand,  lattice  mismatch 
measured  by  X-ray  diffraction  is  also  indicated  in  Fig.  4 
as  lines  parallel  to  the  horizontal  axis  and  these  data  are 
completely  fitted  to  each  other.  These  experimental 
results  shows  the  accuracy  of  the  physical  parameters 
used  in  our  theoretical  calculation. 

The  value  of  the  blue  shift  measured  for  a  multiple 
quantum  well  structure  (with  29  pairs  of  GalnAs  quan¬ 
tum  wells  two -monolayer  thick  and  an  InP  barrier  of 
20  nm)  at  77  K  is  also  compared  with  the  theoretical 
one.  The  measured  blue  shift  for  a  two-monolayer 
GalnAs  quantum  well  lattice  matched  to  InP  was 
0.444  eV,  which  is  almost  the  same  as  the  theoretical 
one  but  differs  slightly  from  the  value  of  0.445  eV  for  a 
lattice-matched  GalnAs  layer  of  two-monolayer  thick¬ 
ness  by  only  0.001  eV. 


TABLE  1.  Summary  of  calculated  possible  errors  corresponding  to  uncertainties  in  the  physical  parameters 


Parameter 

True  +  error 

±  Aala(%) 

±  ^Ga( 

>0.468) 

2ML 

3ML 

4ML 

2ML 

3ML 

4ML 

AEJAE^ 

0.42  ±  0.02 

0.1 

0.09 

0.09 

0.01 

0.01 

0.01 

Eg(ln?)  (eV) 

1.332  ±0.001 

0.02 

0.01 

0.007 

0.003 

0.002 

0.001 

E-gC  GalnAs)  (eV) 

0.810  ±0.001 

0.006 

0.006 

0.006 

0.001 

0.001 

0.001 

mllm^ 

0.041  ±0.003 

0.004 

0.006 

0.009 

0.001 

0.001 

0.001 

f^hhlmo 

0.470  ±0.001 

0.003 

0.002 

0.002 

0.000 

0.000 

0.000 

InP  barrier  20  nm. 
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Fig.  4.  The  calculated  relation  between  the  peak  wavelength  shift  and 
the  lattice  mismatch  Aaja  or  composition  x  for  bulk  Ga^Ini_^As. 
The  experimental  results  for  bulk  GalnAs  are  plotted  as  closed  circles 
with  error  bars. 
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Fig.  5.  Experimental  result  for  GalnAsP  multiple  quantum  well  of 
GalnAsP  quaternary  of  two-monolayer  thickness.  The  experimental 
result  for  a  multiple  quantum  well  of  two-monolayer  thickness  is 
plotted  as  a  closed  circle  with  an  error  bar. 


The  difference  in  PL  peak  (peak  wavelength  shift  in 
Fig.  3)  between  the  lattice-matched  GalnAs  quantum 
well  and  the  lattice-mismatched  GalnAs  of  two-mono¬ 
layer  thickness  was  measured.  By  using  Fig.  3,  we  can 
determine  the  lattice  mismatch  and  composition  x  of  an 
epitaxially  grown  Ga^^Ini.^^As  fine  layer.  The  lattice 
mismatch  measured  by  this  method  becomes  (Aa/a) 
=  0.03  ±  0.02%,  and  composition  of  x  =  0.464  ±  0.003. 
This  data  is  plotted  as  a  closed  circle  with  an  error  bar 
in  Fig.  3. 


For  comparison,  the  lattice  mismatch  of  the  multiple 
quantum  wells  with  29  pairs  of  GalnAs  wells  was  also 
measured  by  X-ray  diffraction,  and  became  (Aaja) 
=  0.038  +  0.003%.  The  measured  lattice  mismatch  is 
indictated  as  a  horizontal  solid  line  in  Fig.  3.  As  shown 
in  Fig.  3,  these  two  data  are  fitted  to  each  other  in  a 
permissible  error  range. 

Figure  5  shows  the  experimental  result  for  GalnAsP 
quaternary.  By  adapting  this  method  to  the  quater¬ 
nary,  lattice  mismatch  and  composition  x  and  y  in 
Ga^Ini_;,Asi_^P3;  are  determined  to  be  0.006%, 
x=  0.410  and  y=  0.105,  respectively,  for  a  multiple 
GalnAsP  quantum  well  structure  with  50  pairs  of  quan¬ 
tum  wells  grown  by  digital  epitaxy,  see  Fig.  5. 

5.  Conclusions 

A  high  resolution  measuring  method  for  lattice  mis¬ 
match  or  the  composition  of  a  single  ultra  thin  GalnAs 
ternary  is  proposed.  For  this  purpose,  fundamental 
physical  parameters  were  calibrated  by  measuring  the 
absolute  value  of  the  blue  shift  for  the  spatially  uniform 
fine  structure  single  GalnAs  quantum  well  grown  by 
digital  epitaxy.  The  accuracy  of  this  method  was  also 
verified  by  X-ray  diffraction  from  the  multiple  quantum 
well  structure  of  two-monolayer  thickness.  The  maxi¬ 
mum  errors  in  lattice  mismatch  and  composition  deter¬ 
mined  by  this  method  are  +0.10%  and  +0.01  for  a 
two-monolayer  GalnAs  single  quantum  well. 
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Conditions  for  light-induced  short-time  growth  of  GaAs  and  InP 
by  chloride  epitaxy 
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Abstract 

The  advantages  of  traditional  chloride  epitaxy  are  well  known;  the  growth  of  thin  layer  sequences,  however, 
involves  manifold  difficulties.  Moreover,  use  of  the  V  chlorides  renders  the  classical  ALE  process  quite  impossible. 
The  V  chloride  process  was  developed  to  a  low  temperature,  light-induced  epitaxy.  Inhibition  of  growth  ™  by 
coverage  of  the  surface  with  chlorine  atoms  at  low  temperatures  below  500  °C  —  is  intermittent  with  the  use  of 
light  pulses.  The  light  energy  breaks  the  chlorine  bonds  and  leads  to  growth  during  the  pulse  time.  The  growffi 
behavior  of  InP  on  InP  and  GaAs  on  GaAs  was  examined  with  respect  to  layer  thickness  on  the  atomic  scale  in 
the  low  temperature  region  using  equipment  designed  appropriately.  Growth  rates  of  0.5  A  s“^  (GaAs)  and 
1  As“^  (InP)  have  been  achieved.  The  abrupt  decrease  of  the  growth  rates  to  zero  appears  at  temperatures  of 
473  °C  GaAs  and  458  °C  InP. 


1.  Introduction 

The  advantages  of  traditional  V  trichloride  epitaxy 
are  commonly  accepted  (low  toxic  level,  high  purity, 
low  costs);  but  the  high  growth  rate,  which  is  one  of  the 
reasons  for  the  high  productivity  and  low  costs,  is  the 
essential  reason  for  the  uselessness  of  the  trichloride 
method  for  thin  layer  growth.  Moreover,  with  the  use 
of  V  trichlorides  application  of  the  classical  ALE 
method  is  excluded  because  of  the  simultaneous  appear¬ 
ance  of  Group  III  and  V  elements  in  the  deposition 
zone.  The  motivation  for  employing  the  trichloride 
method  is  that  the  range  of  low  temperatures 
(Tdep  <  500  °C)  and  low  partial  pressures  of  chlorides 
(p°  <  lO'^^atm)  have  not  been  investigated  until  now. 

New  experimental  arrangements  and  reactor  design 
have  been  developed  to  also  realize  the  growth  of  thin 
layers  on  the  atomic  scale  by  trichloride  epitaxy.  Fol¬ 
lowing  the  accepted  model  of  Cadoret  [1]  which  pro¬ 
poses  full  coverage  of  the  surface  with  chlorine  atoms  at 
temperatures  below  600  °C,  we  include  in  our  consider¬ 
ations  the  fact  that  the  reactive  desorption  of  chlorine 
atoms  of  adsorbed  GaCl  by  hydrogen  may  be  the 
growth  rate  limiting  step.  Therefore  it  is  expected  that 
during  the  kinetically  determined  zero  growth  at  still 
lower  temperatures,  a  pulse  of  energy  (light)  should 
break  the  chlorine  bonds  and  lead  to  growth  during  the 
pulse  time.  With  the  intention  of  growing  full  GalnAsP, 
we  performed  preliminary  investigations  of  the  pure 
processes  for  GaAs  and  InP  growth. 


2.  Experimental  details 

The  main  problems  associated  with  low  temperature/ 
low  partial  pressure  trichloride  epitaxy  at  present  are 
control  and  reproducibility  of  the  low  partial  pressures. 
Therefore  specially  formed  rods  of  solid  GaAs  and  InP 
were  used  as  the  sources  for  Ga/In  chlorides  (Fig.  1(a)). 
The  rods  preserve  a  constant  surface  area  for  the  gener¬ 
ation  of  III  chlorides  during  a  great  number  of  epitaxial 
processes.  To  ensure  a  constant  V  chloride  partial  pres¬ 
sure  in  the  H2/V  chloride  mixture  for  the  source  reac¬ 
tion,  rectifiers  were  installed  behind  the  V  chloride 
(ASCI3/PCI3)  bubblers.  The  temperature  difference  be¬ 
tween  the  rectifiers  (20  °C)  and  the  bubblers  (25  °C) 
was  kept  constant. 

The  experimental  reactor  system  used  for  the  growth 
of  GaAs  and  InP  layers  is  shown  in  Fig.  1(b).  The  small 
reactor  (length  of  quartz  tube:  30  cm)  is  heated  in  the 
source  zone  and  behind  the  deposition  zone  with  in  situ 
transparent  gold-coated  furnaces.  Two  types  of  fur¬ 
naces  were  in  use  for  the  deposition  zone: 

(a)  a  three-hole  oven  for  outside  light  irradiation  and 
spectroscopic  measurements  in  a  horizontal  beam 
across  the  deposition  zone  (Fig.  1(c)); 

(b)  compact  oven  with  light  heating,  and  irradiation  of 
the  sample  surface  by  UV  and  visible  light  from  inside 
(Fig.  1(d)). 

The  temperature  gradient  set  up  intentionally  along 
the  substrates  (almost  50  mm)  in  the  deposition  zone 
was  measured  and  controlled  by  a  thermocouple.  The 
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(a) 


Fig.  1.  Schematic  diagram  of  source  arrangement  (a),  reactor  (b)  and 
heaters  of  the  deposition  zone  for  light  irradiation  to  the  samples 
(c,  d). 

total  flow  rate  was  regulated  to  a  constant  value  of 
690cm^mm“^  taking  account  of  the  variation  of  reac¬ 
tant  flow  rates.  The  small  quantities  of  H2/V  chloride 
mixtures  were  transported  from  the  bubbler  to  the 
reactor  by  a  H2 -carrier  stream.  The  well-defined  tem¬ 
perature  gradient  over  a  20  °C  difference  along  the 


substrate  allowed  relatively  precise  determination  of  the 
relations  between  growth  behavior  and  temperatufe. 
Layer  thickness  and  carrier  concentration  profiles  were 
measured  by  capacitance/voltage  (CV)  in  small  steps 
along  the  sample. 

3.  Results  and  discussion 

Figure  2  shows  different  states  of  deposits  in  the  low 
temperature  region  which  are  observable  in  this  kind  by 
CV  measurements.  The  zero  growth  in  the  left  (F)  is  in 


Fig.  2.  CV  measurements  along  the  temperature  gradient  of  the 
substrates.  States  of  GaAs  growth  in  the  temperature  region  450- 
540  °C  (/?°Gaci’  7  X  10”^  atm)  in  results  of  CV  measurements:  F,  zero 
growth  (etching);  C,  growth  of  ordered  GaAs;  D,  growth  of  disor¬ 
dered  phase;  E,  zero  growth. 


TABLE  1.  Parameters  of  grown  epitaxial  layers 


GaAs 

InP 

Ordered  phase 

Carrier  concentration* 

10'^-  10*^cm-3 

10'^-  lO'^cm-"* 

Surface 

mirror-like 

mirror-like 

p  (300  °C) 

2000  cm^  V“'  s“'  (w  =  5  X  10’^) 

- 

Disordered  phase 

Carrier  concentration 

>10”  (CV  ?) 

.  10*^  (CV  ?) 

Surface 

mirror-like  without 

mirror-like  without 

defects 

defects 

p  (300  °C) 

500 cm^V-'  S-’ 

- 

PL  spectra 

deep  levels  (bandgap 
luminescence  decreases  rapidly) 

The  constitution  of  the  disordered  phase  is  quite  unknown,  the  CV  measured  (including  electrolytic  etch)  values  shows  erroneous  carrier 
concentrations  (CV  measurements  by  solid  contacts  give  concentrations  in  the  order  of  10^^cm“-b. 

*Carrier  concentration  depends  on  the  partial  pressure  of  GaCl  and  results  from  unintentional  doping. 
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Fig.  3.  Growth  rates  of  GaAs  layers  versus  deposition  temperature 

(disordered  growth  above  the  hatched  line).  Fig.  4.  Growth  rates  of  InP  layers  versus  deposition  temperature 

(disordered  growth  above  the  hatched  line). 


Depth  (nm) 


Fig.  5.  CV  profile  of  a  GaAs  layer  with  modulation  of  the  carrier  concentration  by  UV  irradiation  (sections  which  were  grown  during  radiation 
time  are  marked  (UV);  pulse  time  =  break  time  =  4  min  in  the  middle). 
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reality  the  thermodynamically  induced  etching  of  the 
sample.  At  lower  temperatures  normal  growth  appears 
(C),  which  changes  at  sufficiently  high  partial  pressures 
to  the  deposition  of  an  obviously  disordered  phase  of 
GaAs  (D)  (this  we  conclude  from  photoluminescence 
spectra  and  from  Hall  measurements,  Table  1). 

The  zero  growth  in  position  (E)  indicates  the  pres- 
ence  of  kinetic  hindrance  to  growth  between  the  tem¬ 
peratures  at  positions  (D)  and  (E). 

Figures  3  and  4  represent  the  detailed  results  of  the 
temperature  dependence  of  growth  rate  and  growth 
behavior  in  the  low  temperature  region  for  GaAs  and 
InP,  respectively.  The  sharp  temperature  limits  between 
the  growth  and  zero  growth  measured  in  both  cases,  as 
well  as  a  nearly  vanishing  temperature  dependence  of 
growth  rates  above  the  temperature  limit,  are  essential 
to  our  intentions.  The  very  low  growth  rates  obtained 
of  0.5  A  s"^  (GaAs)  and  1.0  A  s“^  (InP)  supposes  V 
chloride  epitaxy  in  the  atomic  scale  range.  In  order  to 
avoid  the  disordered  phase  low  partial  pressures 
( <5  X  10“^  atmospheres  in  the  case  of  GaAs)  must  be 
realized. 

The  grown  surfaces  were  all  mirror-smooth,  Hall 
measurements  and  photoluminescence  (PL)  spectra  give 
results  comparable  to  perfect  layers  grown  in  the  high 
temperature  region  (Table  1). 

As  we  will  use  light  pulses  in  order  to  change  between 
the  regions  of  zero  growth/ordered  growth,  the  influ¬ 
ence  of  irradiation  by  Hg  lamps  (UV)  and  halogen 
lamps  (hal.l)  on  growth  behavior  was  examined.  The 
effect  of  UV  radiation  is  shown  by  the  carrier  concen¬ 
tration  modulation  within  the  GaAs  layer  in  Fig.  5.  The 
peaks  in  the  curve  were  related  to  the  light  pulses;  from 
it  follows  an  increase  of  carrier  concentration  during 


Fig.  6.  CV  profile  of  a  GaAs  layer  with  molulation  of  the  carrier 
concentration  by  light  irradiation -inversion  of  the  effect  by  increase 
of  GaCI  partial  pressure  (sections  which  were  grown  during  radiation 
time  are  marked  by  rectangles;  broken  lines:  if  pioaci  =/^iGach 
r,ep  =  555  °C). 


Fig.  7.  Growth  rates  of  InP  generated  by  UV  irradiation  at  the 
temperature  level  for  zero  growth:  (a)  temperature  distribution  in  the 
deposition  zone;  (b)  depths  of  out-diffusion  of  sulfur  from  the  InP 
substrate  along  the  deposition  zone;  (c)  growth  rate  variation  along 
the  deposition  zone. 

pulse  time.  No  changes  in  growth  rate  were  observed, 
as  expected.  Similar  results  were  obtained  in  the  other 
three  cases:  UV/InP,  hal.l/GaAs,  and  hal.l/InP. 

At  lower  temperatures  or  higher  partial  pressures  of 
the  reactants  respectively,  inversion  of  this  effect  (de¬ 
crease  of  carrier  concentration  during  irradiation)  is 
observable,  as  shown  in  Fig.  6.  This  fact  may  be 
explained  by  a  partial  appearance  of  the  disordered 
phase. 

Whereas  at  temperatures  above  the  growth  limit  no 
pronounced  light-induced  growth  rates  are  observed,  at 
temperatures  below  the  limit  in  the  deposition  zone  the 
growth  rate  increases  from  zero  to  a  considerable  value 
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Depth  (nm) 

Fig,  8.  CV  measured  diffusion  profile  on  the  interface  InP  epitaxial 
layer/InP  substrate  (3  x  10’^cm“-^at  S-doped).  ■ 


on  light-irradiated  parts  of  the  substrate  surface  (Fig. 
7(c)). 

The  light-induced  growth  on  the  sample  part  below 
the  growth  temperature  (0.5  cm  >  1  >  3.5  cm;  Fig.  7(a)) 
may  be  a  photocatalytic,  photochemical  or  thermal 
effect  by  surface  heating.  But  the  evaluation  of  the 
diffusion  behavior  of  sulfur  on  the  boundary  InP -sub¬ 
strate  (S  doped:  3x  10^®  at  cm“^) /epitaxial  layer  (un¬ 
doped)  allows  an  estimation  of  the  true  temperature 
distribution  directly  on  the  surface  of  the  sample,  which 
is  not  measurable  by  the  arranged  thermocouple. 

The  depth  of  carrier  out-diffusion  below  the  original 
substrate  surface  (diffusion  layer  in  Fig.  8)  is  deter¬ 
mined  by  temperature  and  gives  satisfactory  informa¬ 
tion  about  the  temperature  differences  across  the 


substrate  surface.  The  depths  of  out-diffusion  (/d;  Fig. 
7(b))  in  the  UV  irradiated  sample  are  compared  with 
the  growth  rates  (Fig.  7(c)). 

The  coincidence  between  growth  rate  changes  and 
depths  of  out-diffusion  of  sulfur  on  the  slice  (Figs.  7(b) 
and  7(c))  is  evidence  of  a  themally  stimulated  growth 
process  from  surface  heating. 

4.  Conclusions 

(1)  Sufficient  absorption  of  light  on  GaAs  and  InP 
surfaces  allows  a  short  heating  of  the  growth  face. 

(2)  The  sharp  temperature  boundary  between 
growth/zero  growth,  and  the  nearly  temperature-inde¬ 
pendent  growth  rate  at  partial  pressures  <  10 “^(Ga/ 
InCl),  will  result  in  the  growth  of  layers  of  uniform 
thickness. 

(3)  The  growth  rates  <  1  As“‘  at  low  partial  pres¬ 
sures  in  the  low  temperature  region  480  °C  (GaAs), 
460  °C  (InP)  make  the  V  chloride  process  viable  for 
atomic  scale  epitaxy. 

(4)  The  preliminary  electrical  and  structural  parame¬ 
ters  of  the  layers  are  hopeful  for  device  application. 
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Abstract 

Photoenhanced  epitaxial  growth  of  GaAs  was  investigated  by  using  a  fiber-coupled  illumination  system.  The  growth 
rate  dependence  on  illumination  intensity  and  wavelength,  and  on  trimethylgallium  partial  pressure  is  reported.  The 
experimental  results  are  consistent  with  a  model  in  which  surface  recombination  of  photogenerated  free  carriers 
assists  in  the  decomposition  of  the  adsorbed  trimethylgallium. 


1.  Introduction 

Photoenhanced  organometallic  chemical  vapor  depo¬ 
sition  (PE-OMCVD)  of  GaAs  and  related  compounds 
[1,  2]  is  a  powerful  technique  for  the  implementation 
of  atomic  layer  epitaxy  (ALE).  ALE  of  III~V  com¬ 
pounds  involves  the  alternate  exposure  of  the  substrate 
to  different  precursors,  with  photoenhancement  ob¬ 
tained  when  exposure  to  the  type  III  precursor  is  simul¬ 
taneous  with  illumination  of  the  substrate  by  an  intense 
laser  beam  [3].  The  simpler  case  of  continuous  exposure 
to  all  gas  precursors  with  focused  laser  illumination 
also  attracted  considerable  attention  because  of  its  po¬ 
tential  for  selective,  localized  epitaxial  growth  with  no 
need  of  previous  masking  or  patterning  of  the  sub¬ 
strates  [4]. 

In  spite  of  the  impressive  experimental  achievements 
in  PE-OMCVD  [4,  5]  and  efforts  to  model  the  photoen¬ 
hancement  mechanisms  [6,  7],  the  details  of  growth 
pathways  are  not  yet  fully  understood.  The  growth  of 
GaAs  from  Ga( €113)3  (trimethylgallium,  subsequently 
called  TMG)  and  ASH3  is  one  of  the  best  studied 
systems.  Here,  it  is  well  established  that  for  high  V  to 
III  ratio  in  gas  flow,  the  incorporation  of  Ga  atoms  to 
the  surface  is  the  limiting  rate,  and  that  illumination 
enhances  this  rate.  The  adsorption,  desorption  and 
reaction  rates  for  TMG  on  GaAs  surfaces  T 
400  °C,  was  studied  by  Aspnes  et  al  [8]. 

The  wavelength  dependence  of  photoenhancement  in 
crystal  growth  has  not  yet  been  investigated.  Photon 
energy  dependence  of  growth  enhancement  is  expected 
to  provide  information  related  to  the  basic  photochem¬ 
ical  or  photocatalytic  mechanisms  of  PE-OMCVD. 
Here,  we  study  the  photoenhanced  growth  rate  of 
GaAs  as  a  function  of  wavelength  A  in  the  visible  and 
near-infrared  range,  and  photon  flux.  A  simplified 


model  of  the  effect  of  illumination  on  the  adsorbed 
TMG  reaction  pathways,  consistent  with  the  experi¬ 
mental  data,  is  discussed. 


2.  Experimental  details 

The  epitaxial  growth  was  performed  in  a  conven¬ 
tional  horizontal  reactor,  in  which  an  optical  flat  win¬ 
dow  was  incorporated.  The  output  beam  of  an  Ar"^ 
laser  or  a  Ti:sapphire  laser  was  coupled  into  a  multi- 
mode  optical  fiber,  from  which  maximum  optical  power 
of  ~400mW  could  be  extracted  and  focused  onto  a 
^  50  pm  diameter  spot.  The  fiber  end-connector  and 
the  focusing  optics  were  attached  to  a  motorized  X-Y 
table  and  aligned  to  perform  its  scanning  motion  in  a 
plane  parallel  to  the  GaAs  substrate  (see  Fig.  1).  In  a 
typical  experiment,  the  optical  spot  was  scanned  back 
and  forth  with  a  velocity  of  500  pms“^  along  a 
1000  pm  long  line  at  a  growth  time  of  600  s. 

Although  we  performed  the  actual  PE-OMCVD 
growth  at  r  ^  400  °C,  it  was  found  that  an  initial 
deoxidation  step  at  700  °C  for  300  s  in  an  ASH3  atmo¬ 
sphere  was  necessary  in  order  to  obtain  a  reproducible 
photoenhanced  growth  at  low  temperatures.  These  high 
temperature  steps  were  the  main  factors  in  the  slow 
coating  of  the  reactor  walls,  and  the  degradation  of  the 
optical  window  transmissivity.  With  this  limitation,  10™ 
15  growth  experiments  were  performed  before  cleaning 
the  reactor  walls,  with  a  total  of  20-30  h  of  photoen¬ 
hanced  growth. 

In  order  to  establish  the  growth  selectivity  condi¬ 
tions,  initial  experiments  were  performed  on  partially 
masked  GaAs  substrates.  At  atmospheric  pressure  we 
found  evidence  of  low-rate  growth  in  the  non-illumi- 
nated  areas.  The  total  reactor  pressure  was  then  re- 
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Fig.  1.  Fiber-coupled  illumination  system  for  PE-OMCVD. 


duced  to  40Torr,  and  the  gas  flow  of  the  reactants 
adjusted  until  the  background  growth  was  reduced 
below  our  measuring  resolution.  With  these  growth 
parameters,  we  performed  up  to  seven  experiments  in  a 
single  run,  by  interrupting  the  TMG  flow,  moving  the 
spot  to  an  adjacent  area  (to  a  new  ‘line’),  and  changing 
a  single  parameter. 

The  growth  enhancement  in  the  illuminated  lines 
were  measured  by  using  a  Tencor  a -step  stylus,  with 
each  lateral  profile  measured  at  several  points  along  the 
line,  normalized  for  variations  in  the  width,  and  aver- 
aged.  The  growth  features  were  characterized  by  spec¬ 
troscopic  methods  in  order  to  determine  their  crystal 
quality  and  suitability  for  hetero structure  devices. 
These  measurements  will  be  reported  elsewhere  [9]. 


2.1  Experimental  results 

The  growth  enhancement  rate  was  previously  re¬ 
ported  to  be  non-linear  with  an  increase  of  photon  flux 
[2].  In  order  to  further  test  and  quantify  this  effect,  the 
growth  rate  as  a  function  of  illuminating  intensity  was 
systematically  measured  by  using  the  Ar+  laser  source 
in  a  multimode  operation.  The  results  are  presented  in 
Fig.  2.  A  clear  superlinear  dependence  of  the  growth 
rate  on  the  laser  intensity  is  obtained.  The  wavelength 
dependence  of  the  growth  rate  is  shown  in  Fig.  3.  The 
large  deviations  in  the  experimental  points  are  due  to 
the  slow  fluctuations  in  the  fiber-coupled  laser  power 
that  induce  large  variations  in  growth  rate  due  to  its 
intensity  dependence  (Fig.  2).  The  absence  of  any  sharp 
feature  in  Fig.  3,  and  the  increasing  behavior  of  the 
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Fig.  2.  Growth  rate  vs.  illumination  intensity. 
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Fig.  3.  Growth  rate  vs.  wavelength  (Ti:Sa  laser  source). 
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^TMG  ®  ^ 

Fig.  4.  Growth  rate  vs.  partial  pressure  of  TMG. 


growth  enhancement  with  wavelength,  contradicts  pre¬ 
vious  expectations. 

Finally,  Fig.  4  shows  the  photoenhanced  growth  rate 
vs.  the  partial  pressure  of  TMG  (Ftmg)-  The  saturation 
of  the  growth  rate  at  Ftmg  ^  is  in  clear 

contrast  with  conventional  OMCVD  experiments,  in 
which  a  linear,  increasing  rate  was  measured  for  values 
as  high  as  F^mg  >  [8]. 

3.  Kinetic  model 

The  experimental  results  shown  above,  when  com¬ 
bined  with  previous  reported  results,  can  be  interpreted 
in  the  framework  of  a  simplified  kinetic  model  for 
PE-OMCVD. 

Here,  we  summarize  the  experimental  facts. 

(a)  Photoenhancement  is  weakly  dependent  on  the 
substrate  doping,  with  semi-insulating  material  exhibit¬ 
ing  the  smallest  effect  [3]. 

(b)  The  photoenhanced  growth  saturates  with  in¬ 
creasing  Ftmg* 

(c)  The  photoenhancement  is  highly  superlinear  with 
the  photon  flux. 

(d)  The  activation  energy  of  the  photoenhanced 
growth  rate  is  independent  of  photon  flux  [10]. 

(e)  The  photoenhancement  increases  with  wave¬ 
length  (above  substrate  bandgap). 

We  consider  the  following  mechanism  for  the  incorpora¬ 
tion  of  a  Ga  atom  into  an  As-reach  surface:  TMG  is  first 
physisorbed  to  the  GaAs  surface,  forming  the  weakly 
adsorbed  species  [S*-TMG].  In  the  absence  of  light,  the 


surface  coverage  and  reaction  rate  are  assumed  to  be 
dictated  by  a  detailed  balance  between  the  sticking  rate 
S,  desorption  rate  F,  and  the  decomposition  rate  D,  as 
in  ref.  8.  The  premature  saturation  behavior  ((b)  above) 
suggests  an  increase  in  the  surface  fractional  coverage 
by  illumination.  This  effect  cannot  be  explained  by  a 
photoinduced  increase  in  Z),  as  previously  assumed  [6]. 
On  the  other  hand,  a  photoactivated  decomposition  of 
Ga(CH3)3  to  form  Ga(CH3)2  (dimethylgallium,  DMG), 
or  Ga(CH3)  (monomethylgallium,  MMG)  cannot  ex¬ 
plain  facts  (a),  (c)  and  (e)  without  surface  effects.  The 
incident  photons  are  expected  to  induce  two  effects 
on  the  GaAs  surface:  a  slight  increase  in  surface  tem¬ 
perature  AT  and  photoexcitation  of  excess  free  carriers 
[11].  We  consider  the  free-carrier  assisted  probability 
that  the  [S*-TMG]  particle  reacts  to  form  a  new 
chemisorbed  species,  for  example  [S*-TMG]  + 
[An,  A/?] - [5* -DMG].  Since  there  is  no  reliable  in¬ 

formation  on  the  new  chemisorbed  species,  we  will 
consider  a  general  scheme  as  shown  in  Fig.  5.  Particle  I 
is  supposed  to  be  [S*-TMG]  and  particle  II  can  be  a 
new  electronic  configuration,  or  any  of  its  decomposi¬ 
tion  products  [12].  We  assume  that  and 

D^^>D\ 

Let  d  be  the  fractional  surface  coverage  of  adsorbates 
of  both  types  (I  and  II);  and  k^^  (/  =  I,  II)  the 

adsorption,  desorption  and  reaction  coefficients  of  par¬ 
ticle  (/),  respectively,  and  Kj  u  the  excess-carrier-induced 
rate  of  transition  of  particles  from  I  to  IT  By  solving 
the  corresponding  rate  equations,  we  found  the  steady- 
state  surface  coverage: 


+  ( 1  -  n  +  ^des] 


In  eqn.  (1),  rj  =  is  the  fraction  of  adsorbed  parti¬ 
cles  of  type  II,  and  its  equilibrium  value  is  given  by 


fj  = 


II 

II  ^des 


(2) 


The  transition  rate  Kj u  is  thermally  activated.  In  the 
absence  of  light,  its  activation  energy  is  the  energy 
needed  to  cleave  the  [S*-TMG]  particle,  E* 


Kln~Koexp{-Ellk^T) 


(3) 


where  k^  is  the  Boltzman  constant  and  T  the  tempera¬ 
ture.  The  carrier-assisted  transition  rate  can  be  evalu- 


Fig.  5.  Kinetic  model;  S\  sticking  rate;  and  desorption  rates; 
and  D'\  reaction  rates. 
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ated  by  calculating  the  joint  probability  of  excess 
electron-hole  pair  recombination  at  the  [S*-TMG] 
site,  and  large  energy  fluctuations  of  the  adsorbate 
particle  [13].  The  surface  recombination  rate  is  propor¬ 
tional  to  the  photon  flux  [11],  we  then  obtain 

Ki,  ii(A^ph)  ~  Ko^ph  exp( - 

where  dE  is  the  energy  released  by  the  recombination 
event  (of  the  order  of  the  substrate  energy  bandgap  E^. 
Equation  (4)  should  be  modified  to  include  the  ‘macro- 
scopic‘  temperature  rise  AT.  We  approximate 

Il(^ph)  ^O^ph  ]c~T  / 

The  temperature  rise  is,  to  first  order,  proportional  to 
the  incident  optical  power  P  =  (hv)Np^  (hv-thQ  photon 
energy).  Thus,  we  write  ATjT  =  AhvNp^  (A  is  a  propor¬ 
tionality  factor)  and  replace  this  in  eqn.  (5)  to  obtain 

/  T*  —  se\ 

Ki,  n(^ph)  ^  '<^o^ph  exp( - 1  exp(Z?j Wph)  (6) 

with  bi  —  hv(E*  —  dE)  {Ajk^T).  Analogous  corrections 
in  all  thermally  activated  rates  and  k^p)  accounting 
for  the  temperature  rise  in  the  illuminated  region 
should  be  accounted  for.  The  growth  rate,  R,  can  be 
calculated  as 

R=6[{\-ri)D^  +  YiDp  (7) 

where  ^  B{m^'^)kP  and  is  the  number  of  sites 
sheltered  by  particle  (/),  regulating  steric  hindrance,  and 
B  is  a  geometrical  proportionality  factor.  Accord¬ 
ing  to  the  model,  eqn.  (7),  with  eqns.  (1),  (2)  and  (6) 
completely  describe  the  PE-OMCVD  process. 


4.  Discussion 

Here,  we  address  the  experimental  facts  (a) -(e)  listed 
at  the  beginning  of  the  previous  section  and  show  how 
they  can  be  interpreted  in  terms  of  the  model: 

(a)  The  doping  type  and  doping  level  influence  on 
PE-OMCVD  have  not  yet  been  investigated  in  a  quan¬ 
titative  way.  However,  it  is  clear  that  the  doping  will 
regulate  the  steady-state  carrier  excess  and  therefore 
change  the  proportionality  factor  Kq  in  eqn.  (6)  thus, 
Kj  n  is  doping  dependent. 

(b)  The  saturation  behavior  of  Ptmg  indicates  an 
increase  in  the  fractional  coverage  of  adsorbates  6.  This 
effect  is  predicted  by  eqn.  (1):  an  increase  in  k,  n  with 
Aph  causes  an  increase  in  vj  (eqn.  (2))  and  therefore  a 
reduction  of  the  denominator  in  eqn.  (1).  The  physical 
picture  is  that  the  desorption  of  particles  is  retarded  by 
the  appearance  of  the  new  chemisorbed  species  II. 


(c)  The  superlinear  behavior  of  the  growth  rate  en¬ 
hancement  is  evident  from  eqns.  (6)  and  (7).  As  an 
example,  we  assume  the  limit  of  a  highly  saturated 

surface  {9 - ^  ^max)  Thus,  R— — > 

y}9D^^  Ky  which  includes  a  linear  dependence  on 
Aph  and  an  exponential  factor  exp(ii  +  ^2)  with 
given  in  eqn.  (6)  and  b2  =  hv  (El^Alk^T)  {E^  is  the 
activation  energy  of  /:”). 

(d)  The  kinetic  model  presented  here  predicts  a  cor¬ 
rection  term  in  the  measured  activation  energy  for 
PE-OMCVD  given  by  the  heating  effect  AT 
/ivAph(T*  —  SE  Ey)A.  This  factor,  when  calculated 
from  Fig.  2  and  applied  to  the  intensities  used  in  Ref. 
10  results  in  negligible  values  (AT  ^  0.02  eV);  Thus, 
nearly  constant  activation  energies  are  expected,  in 
agreement  with  the  reported  experiments. 

(e)  The  experiments  reported  here  were  performed 
by  varying  the  source  wavelength,  at  constant  optical 
power.  Thus,  Aph  increases  linearly  with  2.  The  large 
scattering  of  the  experimental  points  prevents  any 
quantitative  comparison  with  the  model.  However,  if 
the  photon  energy  would  be  directly  transferred  to  the 
[S*-TMG]  adsorbate,  one  would  expect  a  clear  de¬ 
crease  of  the  photoenhancement  with  increasing  2.  In 
contrast,  our  experiments  show  an  increase  of  the 
growth  rate  with  2.  This  is  consistent  with  the  surface 
recombination-assisted  process,  where  the  relevant  ac¬ 
celerating  energy  is  that  of  an  electron -hole  recombina¬ 
tion  event  (^T  ^  E^). 

5.  Conclusions 

The  growth  rate  of  GaAs  at  low  temperatures  from 
TMG  and  ASH3,  and  its  dependence  on  the  intensity 
and  wavelength  of  the  optical  source,  was  studied.  The 
intensity  dependence  is  found,  to  be  exponential  with  a 
linear  pre-factor.  An  increase  in  the  growth  rate  with  an 
increasing  wavelength  is  found.  Finally,  the  growth  rate 
saturates  with  the  increase  of  the  TMG  partial  pressure. 
A  model  invoking  photogeneration  of  free  carriers  and 
their  surface  recombination  at  the  TMG  adsorbate 
sites,  leads  to  a  functional  dependence  of  the  growth 
rate  on  the  various  parameters,  in  good  agreement  with 
the  experimental  results. 
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Abstract 

Atomic  layer  epitaxy  (ALE)  has  been  developed  for  more  than  15  years.  In  spite  of  an  increased  research  activity 
in  recent  years,  ALE  is  still  considered  a  new  technology  for  the  growth  of  thin  films  and  layered  crystalline 
structures.  The  ALE  process  is  digital  in  its  nature,  as  are  often  the  expectations  of  the  process.  Process  control  on 
an  atomic  level  creates  an  image  of  piling  up  perfect  crystals  from  complete  crystal  faces.  At  the  same  time  it  often 
creates  an  image  of  an  expensive  and  time-consuming  way  of  producing  materials.  In  this  paper  we  review  the  major 
factors  of  the  cost  efficiency  of  the  ALE  process  in  different  application  types  and  for  different  materials,  and  make 
a  cost  comparison  between  ALE  and  some  conventional  techniques. 


1.  Introduction 

Cost  efficiency  can  be  defined  as  the  ratio  between  the 
value  of  process  performance  and  the  manufacturing 
cost: 

^  .  value  of  process  performance 

cost  efficiency  = - - - ^ - 

manufacturing  cost 

The  value  of  process  performance  is  related  to  the  effect 
of  process  performance  on  the  value  of  the  final 
product.  For  example,  in  the  manufacture  of  integrated 
circuits,  a  process  which  reduces  the  linewidth  increases 
the  number  of  unit  cells  on  a  wafer  and  accordingly 
increases  the  value  of  the  wafer.  Reproducibility  to 
tight  tolerances,  high  utilization  factor  of  the  processing 
equipment  and  high  yield  are  key  process  performance 
parameters  in  any  process. 

An  inherent  feature  of  the  atomic  layer  epitaxy 
(ALE)  process  is  self-control  of  monolayer  formation 
due  to  a  saturating  surface  reaction  [1].  While  this 
self-control  is  a  key  to  well-controlled  material  charac¬ 
teristics,  it  is  also  a  key  to  reducing  the  production 
costs.  The  digital  build-up  of  the  material  eliminates  the 
need  for  thickness  control,  thus  reducing  the  complexity 
and  cost  of  the  processing  equipment.  In  ALE,  the 
uniformity  of  the  flux  of  the  precursor  on  different  parts 
of  the  substrate  is  not  critical.  A  “travelling  wave” 
reaction  is  an  effective  way  of  utilizing  the  self-control 
of  the  material  build-up. 

In  ALE,  sequencing  of  the  precursors  eliminates  gas 
phase  reactions.  This  allows  the  use  of  highly  reactive 
precursors  which  in  turn  leads  to  high  material 
efficiency.  The  elimination  of  gas  phase  reactions  also 
has  an  important  quality  effect  through  the  elimination 
of  powder  formation  in  the  gas  phase. 


2.  Atomic  layer  epitaxy  in  different  applications 

The  conditions  and  demands  for  cost  efficiency  are 
strongly  application  related.  In  all  cases  the  control  of 
the  process  and  the  material  is  referred  to  as  the  link  to 
desired  device  performance.  The  most  important  condi¬ 
tion  for  good  inherent  control  of  the  ALE  process  is  a 
combination  of  precursors  which  react  “effectively”  on 
the  surface.  For  an  “effective”  reaction  the  following 
conditions  must  be  satisfied. 

(1)  The  activation  energy  of  each  surface  reaction 
should  be  low  compared  with  the  energy  of  the  bond 
formed  (this  demand  is  equal  to  that  of  a  reasonable 
processing  window). 

(2)  Strong  surface  reconstructions  should  not  be 
formed  (a  strong  surface  reconstruction  increases  the 
activation  energy  for  the  next  surface  reaction). 


3.  Surface  reconstruction 

A  surface  is  a  discontinuity  of  the  bulk.  An  energeti¬ 
cally  optimized  surface  layer  (surface  reconstruction 
[2])  may  not  have  an  atomic  arrangement  similar  to  an 
ideal  cleavage  of  the  bulk  (Fig.  1).  Surface  reconstruc¬ 
tion  is  dependent  on  the  temperature  of  the  surface.  In 
ALE,  a  monolayer  is  related  to  the  surface  reconstruc¬ 
tion  of  a  particular  precursor  on  a  particular  surface  at 
a  particular  temperature. 

In  ALE  of  II -VI  compounds  a  typical  monolayer 
density  of  the  metal  component  is  about  1/3  of  an  “ideal 
full  monolayer”.  This  is  the  case  when  the  elements 
themselves  are  used  as  the  precursors.  For  CdS  it  has  been 
shown  [3]  that  the  1/3  monolayer  of  Cd  can  be  changed 
to  a  full  monolayer  of  Cd  by  replacing  the  elemental  Cd 
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Fig  1  (a)  Internal  crystal  face  in  the  bulk,  (b)  Surface  formed  as  an  ideal  cleavage  of  the  bulk  has  dangling  bonds  corresponding  to  the  bonds 
of  the  missing  crystal  face,  (c)  On  a  surface  formed  in  an  ALE  sequence,  the  dangling  bonds  may  become  compensated  by  a  surface 
reconstruction  which  minimizes  the  free  surface  energy.  This  may  be  viewed  as  a  reduced  monolayer  density. 


precursor  with  CdCl2.  One  can  conclude  that  the  Cl 
atoms  of  CdCl2  molecules  terminate  the  dangling  bonds 
of  a  Cd  monolayer  surface  of  CdS  (Fig.  2). 

Temporary  termination  of  the  dangling  bonds  of  a 
monolayer  by  a  ligand  of  the  precursor  may  be  one 
approach  to  reduced  surface  reconstruction  effects.  This 
emphasizes  the  importance  of  the  understanding  of  the 
surface  chemistry  related  to  the  ALE  process. 


4.  Processing  equipment 

ALE  equipment  can  be  classified  into  two  main 
categories. 

4.L  Open  or  semiopen  systems 

(1)  Typically  these  are  high  vacuum  systems  such  as 
molecular  beam  epitaxy  (MBE)  equipment  with  Knud- 
sen  cell  sources  for  low  vapour  pressure  precursors  and 
gas  inlets  for  volatile  precursors  (Fig.  3(a)). 

(2)  Thermal  equilibrium  between  the  precursors  and 
the  substrate  surface  is  not  established.  Desorbed  surface 
species  are  collected  on  the  cold  walls  of  the  systems  or 
in  the  vacuum  pump  without  making  another  collision 
with  the  surface. 

(3)  Both  fixed  and  rotating  substrate  holders  are 
used.  The  whole  substrate  area  should  be  visible  from 
the  injection  point  of  the  precursor. 

(4)  The  productive  efficiency  is  comparable  with  that 
of  MBE. 

4.2.  Closed  or  semiclosed  systems 

(1)  Typically  these  are  inert  gas  flow  systems  such  as 
low  pressure  chemical  vapour  deposition  equipment. 
Precursors  are  supplied  to  the  substrates  in  thermal 
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Fig.  2.  Processing  window  of  ALE  reactions  for  (a)  Cd  +  S^ 

- >CdS  and  (b)  CdCl2  +  H2S - ^CdS  =  2HCl.  In  the  case  of 

elemental  reactions,  the  Cd  surface  configuration  is  determined  by 
reconstruction;  Cd  monolayer  density  is  1/3  of  an  “ideal  bulk  cleav¬ 
age”  density.  In  the  case  of  the  chloride  reactant,  chlorine  termination 
reduces  the  surface  reconstruction. 

equilibrium  (Fig.  3(b)).  Purging  between  ALE  sequences 
is  enhanced  by  an  inert  gas  flow. 

(2)  Both  fixed  and  rotating  substrate  holders  are 
used.  Because  of  the  thermal  equilibrium  condition  (a 
hot  wall  system),  multisubstrate  cassettes  with  narrow 
flow  spacings  between  the  substrates  can  be  used. 

(3)  Material  efficiency  and  the  throughput  of  the 
equipment  can  be  made  high,  which  leads  to  a  high 
productive  efficiency. 

Open  reactors  have  several  advantages  in  the  research 
of  ALE  growth.  First  of  all,  almost  any  MBE  equip¬ 
ment  can  be  used  as  an  open  ALE  reactor.  Open  reactors 
are  suitable  mainly  for  single  substrates.  In  situ  surface 
analysis  in  an  open  reactor  is  easy,  and  a  variety  of 
different  precursors  can  be  used.  The  limitations  of 
open  reactors  are  mainly  their  poor  productive  efficien- 
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Fig.  3.  Schematic  diagrams  of  open  and  closed  ALE  reactors,  (a)  Open  reactor,  high  vacuum.  Collision  density  of  the  precursor  molecules  is 
determined  by  the  molecular  flux  from  the  source.  Only  a  single  collision  of  a  molecule  with  the  substrate  is  possible,  (b)  Semiopen  reactor, 
transfer  of  the  precursor  is  enhanced  with  an  inert  gas  flow.  Primarily  single  collisions  of  the  precursor,  (c)  Closed  reactor,  all  walls  are  at  the 
same  temperature.  Collision  density  of  the  precursor  molecules  is  determined  by  the  partial  pressure  of  the  precursor,  (d)  Semiclosed,  travelling 
wave,  reactor.  Precursor  molecules  make  multiple  collisions  with  the  substrates  while  a  travelling  wave  of  the  precursor  passes  the  surfaces. 


cies.  Both  the  throughput  of  the  equipment  and  the 
material  utilization  efficiency  are  poor. 

Closed  or  semiclosed  reactors  give  a  major  advantage 
over  the  open  reactors  in  productive  efficiency.  They 
operate  in  a  thermal  equilibrium  state  which  utilizes  a 
multiple  collision  mode  between  the  precursor  molecules 
and  the  surface.  In  a  semiclosed  “flow-through”  or 
“travelling  wave”  reactor  the  multiple  collision  feature  is 
based  on  a  big  difference  between  the  thermal  velocity  of 
the  molecules  and  the  travelling  speed  of  the  precursor 
wave.  In  contrast  to  open  systems,  not  only  the  through¬ 
put  of  the  equipment  but  also  the  material  utilization 
efficiency  are  higher. 

For  sufficiently  complete  monolayer  saturation,  suffi¬ 
cient  overdosing  of  the  precursor  is  one  essential  de¬ 
mand.  In  a  travelling  wave  reactor  an  “effective 
overdosing  condition”  on  the  substrate  surface  is  created 
by  the  multiple  collisions  of  the  precursor  without  an 
increased  total  dose  in  the  reaction  sequence.  Thickness 
uniformity  in  a  travelling  wave  reactor  is  strongly  depen¬ 
dent  on  the  perfection  of  the  saturation.  Even  more 
important  than  the  physical  conditions  for  complete 
saturation  are  the  effects  of  the  chemistry  of  the  surface. 

A  travelling  wave  reactor  is  an  effective  tool  for 


thickness 


Fig.  4.  Thickness  profiles  in  Ti02  made  in  a  travelling  wave  reactor, 
(a)  TiCl2  is  underdosed:  shallow  thickness  profile  reflects  a  poor 
reactivity  of  TiCl2  on  the  surface,  (b)  H2O  is  underdosed:  steep 
thickness  profile  reflects  a  good  reactivity  of  H2O  on  the  surface. 


observing  the  reaction  chemistry.  The  reactivity  of  each 
precursor  can  be  observed  in  the  thickness  profile  in  the 
exhaust  end  of  the  substrate  in  an  underdosing  condition 
of  the  precursor  (Fig.  4).  Possible  desorption  of  a 
formed  monolayer  can  be  seen  as  a  thinner  film  in  the 
input  end  of  the  substrate.  In  a  travelling  wave  reactor, 
a  mass  spectrometer  can  be  used  for  in  situ  observation 
of  the  reaction  results  in  each  sequence  [4].  A  great 
advantage  of  process  development  in  a  travelling  wave 
reactor  is  that  processes  developed  are  directly  scalable 
to  production  reactors. 

5.  Summary 

Cost  efficiency  of  ALE  is  strongly  related  to  the 
completeness  of  saturation  in  the  reaction  sequences. 
This  is  important  to  the  inherent  self-control  of  the 
process  which  is  the  key  to  unique  material  features  as 
well  as  to  economical  scalability  of  the  process.  For 
desired  material  and  interface  characteristics  not  only 
the  completeness  of  the  saturation  is  necessary,  but  also 
a  knowledge  of  the  mechanism  of  saturation  which  is 
related  to  reaction  kinetics  and  surface  reconstructions. 
The  unique  features  of  ALE  are  emphasized  in  very  thin 
material  layers  and  interfaces.  In  such  applications  the 
relatively  low  growth  rate,  due  to  sequencing,  is  not  a 
major  cost  factor.  In  thin  film  applications  on  large 
substrates  the  rate  of  growth  can  be  effectively  compen¬ 
sated  by  large  batches  in  high  density  cassettes  which 
lead  to  a  high  production  efficiency.  To  take  full  advan¬ 
tage  of  ALE,  there  is  a  need  for  theoretical  and  experi¬ 
mental  work  on  the  chemistry  of  the  surface  reactions. 
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Abstract 

We  report  the  first  demonstration  of  an  AlGaAs/GaAs  resonant  tunneling  diode  (RTD)  grown  by  atomic  layer 
epitaxy  (ALE)  which  features  room  temperature  negative  differential  resistance.  The  ALE  growth  is  obtained  in  a 
rotating  susceptor  system  with  trimethylgallium,  trimethylaluminum  and  arsine  sources.  Wafer  mapping  of  the  RTD 
properties  indicates  that  monolayer  thickness  control  can  be  achieved  by  this  technique.  In  addition  to  vertical 
resonant  tunneling,  we  also  describe  the  application  of  ALE  to  realize  lateral  tunneling  heterostructures  and  propose 
one  such  embodiment,  a  lateral  heterojunction  resonant  tunneling  transistor  in  a  configuration  offering  room 
temperature  operation. 


1.  Introduction 

For  circuits  using  quantum  electron  devices,  precise 
control  of  the  voltage  and  current  thresholds  depends 
on  achieving  wafer-scale  monolayer  thickness  control. 
As  device  miniaturization  proceeds,  three-dimensional 
control  of  conformal  overgrowth  processes  is  also  antic¬ 
ipated.  Atomic  layer  epitaxy  (ALE)  [1]  is  the  only 
growth  technique  with  the  capability  for  both  mono- 
layer  thickness  control  and  conformal  overgrowth. 

In  the  exploration  of  ALE  growth  techniques  a  num¬ 
ber  of  device  demonstrations  have  been  reported  in¬ 
cluding  the  delta-doped  field  effect  transistor  (FET) 
[2-4],  Npn  [5]  and  Pnp  [6]  heterojunction  bipolar 
transistors  (HBT),  and  the  AlAs/GaAs  resonant  tunnel¬ 
ing  diode  (RTD)  [7].  The  strongest  motivation  for  the 
development  of  ALE  is  for  quantum  well  devices  such 
as  quantum  well  lasers  and  detectors,  and  resonant 
tunneling  devices  such  as  RTDs  and  resonant  tunneling 
transistors  [8,  9]  where  uniformity  depends  significantly 
on  the  control  of  quantum  well  and  tunnel  barrier 
dimensions.  The  resonant  peak  voltage  in  an  RTD  is 
approximately  lE^jq  where  is  the  energy  of  the  first 
quantum  well  eigenstate  (in  eV)  and  q  is  the  fundamen¬ 
tal  charge.  For  high  tunnel  barriers,  E^  is  primarily 
dependent  on  the  quantum  well  width  w,  so  the 
threshold  voltage  variation  depends  on  the  ability  to 
control  the  well  dimension,  A  Fjh  ?^  ( 4E’i  lq)(Sw / w), 
where  Sw  is  the  variation  in  well  width  [8].  As  an 
example,  consider  an  Alo.3Gao.7As/GaAs  quantum  well 
of  width  w  =  4  nm.  For  this  case,  the  change  in  reso¬ 
nance  voltage  with  quantum  well  width  is  approxi¬ 
mately  26meV  monolayer 


Conventional  molecular  beam  epitaxy  (MBE)  is  typi¬ 
cally  capable  of  approximately  ±1  monolayer  (ML) 
thickness  control  in  the  growth  of  a  single  quantum 
well  [10].  Even  given  ±1ML  thickness  uniformity 
across  a  wafer,  this  presents  an  undesirable  limitation 
on  certain  resonant  tunneling  devices  such  as  vertically 
integrated  resonant  tunneling  diodes  [11],  where  the 
peak  voltage  variation  sets  a  limit  on  the  separation 
between  voltage  peaks.  For  these  reasons  monolayer 
thickness  control  is  needed  to  set  precisely  the  device 
threshold  voltage. 

In  resonant  tunneling  devices,  the  peak  current  den¬ 
sity  exhibits  a  greater  dependence  on  monolayer  thick¬ 
ness  variations  than  does  the  peak  voltage.  For  narrow 
transmission  resonances,  the  peak  current  density  is 
given  by  [12]  J^^(qm'^Epl47ih^)r,  where  m*  is  the 
electron  effective  mass,  h  is  Planck’s  constant,  Ep  is  the 
Fermi  energy  defined  with  respect  to  the  conduction 
band  minimum,  and  F  is  the  full  width  at  half-maxi¬ 
mum  of  the  transmission  coefficient.  Shown  in  Fig.  1  is 
the  computed  transmission  coefficient  for  a  5/5/5  nm 
thick  Alo.3Gao.7As/Ga As  double  barrier  resonant  tun¬ 
neling  diode.  The  results  for  the  three  structures  are 
displayed,  differing  symmetrically  by  a  single  mono- 
layer  in  the  tunnel  barrier  thickness  ( 1  ML  =  2.827  A). 
The  transmission  resonance  width  varies  by  nearly  a 
factor  of  two  for  a  ±1  ML  difference,  implying  that  a 
comparable  current  density  variation  is  to  be  expected 
for  this  heterojunction  system.  Wafer  mapping  of  RTD 
properties  has  previously  shown  such  a  variation  in 
current  density  across  a  wafer  for  MBE-grown  materi¬ 
als  [10].  The  flexibility  given  to  circuit  designs  utilizing 
resonant  tunneling  devices  will  depend  significantly  on 


.0040-6090/93/$6.00 


©  1993  —  Elsevier  Sequoia.  All  rights  reserved 


A.  C.  Seabaugh  et  al.  /  Atomic  layer  epitaxy  for  resonant  tunneling  devices 


100 


Fig.  1.  Computed  transmission  coefficient  for  three  symmetric 
Alo.3Gao.7As/GaAs  double  barrier  resonant  tunneling  diodes  differing 
in  tunnel  barrier  thickness  by  a  single  monolayer  (ML);  r(peV)  is  the 
full  width  at  half-maximum  of  the  transmission  coefficient. 

the  ability  to  control  dimensions  at  the  monolayer 
scale. 

2.  Resonant  tunneling  diodes 

The  ALE  reactor  design  used  in  this  study  is  based 
on  the  rotating  susceptor  concept  where  the  wafer  is 
swept  between  regions  containing  Group  III  and  Group 
V  reactant  gas  streams  [13].  This  concept  was  used  to 
specially  modify  a  commercial  MOCVD  reactor  to 
permit  operation  in  the  ALE  mode  [14].  Saturated 
growth  at  30  Torr  was  then  obtained  for  the  GaAs/Al- 
GaAs  material  system  over  a  temperature  range  of 
550-650  ""C.  The  GaAs  material  used  in  the  RTDs  was 
deposited  at  650  °G  with  a  1.1  second  exposure  to 
trimethylgallium  (TMG).  Similarly,  the  optimum  Al- 
GaAs  growth  was  obtained  at  650  °C  with  a  2.2  s 
exposure  to  TMG  +  TMA  (trimethylaluminum).  Hall 
background  carrier  concentrations  as  measured  by  the 
Van  der  Pauw  method  were  found  to  be  below 
10^^  cm“^  and  2  x  10^^  cm“^  for  the  GaAs  and  AlGaAs 
respectively  when  grown  under  these  conditions.  The 
background  density  in  AlGaAs  is  p-type  and  attributed 
to  carbon.  A  1000  ppm  silane  source  was  used  as  the 
n-type  dopant  source, 

A  p-type  background  carrier  density  of  carbon  is 
typically  obtained  in  the  growth  of  AlGaAs  by  ALE. 
The  current -voltage  {I-V)  characteristics  of  an  ALE 
AlGaAs/GaAs  RTD  measured  at  room  temperature 
and  77  K  are  shown  in  Fig.  2.  This  structure  was 
grown  on  an  n+  substrate  in  the  following  sequence: 
300  nm  GaAs  (6  x  10^”^-9  x  10^*^cm“^),  30  nm  GaAs 
spacer  (undoped),  3/5/3  nm  Alo.3Gao.7As/GaAs  double 


Fig.  2.  Current-voltage  characteristics  of  an  AIq  ^GslojAsIGslAs  res¬ 
onant  tunneling  diode  grown  by  atomic  layer  epitaxy. 


barrier,  30  nm  GaAs  spacer  (undoped),  and  a 
300  nm  GaAs  contact  layer  (6  x  10^^-9  x  10^^  cm”^). 
The  thin  3  nm  tunnel  barrier  was  used  to  minimize  the 
total  acceptor  density  in  the  double  barrier  structure. 

Devices  were  fabricated  using  conventional  optical 
lithography  and  AuGe/Ni/Au  ohmic  metallization.  Dry 
etching  with  BCI3  was  used  to  form  the  mesa  device 
structures.  A  simpler  wet-chemically  etched  process  us¬ 
ing  sulfuric  acid/peroxide/water  solutions  was  not  used 
in  these  materials,  due  to  an  enhanced  etch  rate  at  the 
metal/GaAs  interface,  not  observed  in  comparable 
MBE-grown  structures. 

Clear  negative  differential  resistances  (NDR)  are  ob¬ 
served  at  77  K  for  both  bias  polarities  at  a  voltage  of 
greater  than  1  V.  To  understand  this  7-  V  characteristic, 
we  have  computed  the  potential  profile  of  the  device 
and  solved  for  the  quasi-bound  states  [15].  In  Fig.  3(a) 
the  band  diagram  for  this  double  barrier  is  shown  for 
the  case  in  which  the  background  doping  in  the  un¬ 
doped  layers  is  1  X  lO^^cm”^,  n-type.  For  this  case  the 
quantum  well  ground  state  is  approximately  120  meV 
above  the  emitter  Fermi  energy,  therefore  the  resonant 
peak  voltage  is  expected  to  occur  at  approximately 
twice  this  value,  or  240  meV  neglecting  carrier  deple¬ 
tion.  Experimentally,  we  observe  in  Fig.  2  that  the 
resonance  peak  voltage  is  observed  at  approximately 
1. 1  V  for  the  positive  bias  polarity  which  is  significantly 
higher  than  expected. 

The  higher  resonance  voltage  is  a  consequence  of  the 
unintentional  carbon  doping.  Shown  in  Fig.  3(b)  is  the 
energy  band  diagram  with  the  tunnel  barriers  doped 
p-type  at  a  density  corresponding  to  the  density  ex¬ 
pected  for  these  growth  conditions,  1  x  10^^  cm“^.  In 
this  case  the  ionized  carbon  acceptors  act  to  increase 
the  potential  height  of  the  double  barrier  relative  to  the 
neutral  n-type  regions  of  the  device.  The  observation 
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(a)  Position  (nm) 


Fig.  3.  Computed  energy  band  diagrams  for  the  AIq  jGao.yAs/GaAs 
resonant  tunneling  diode  of  Fig.  2  with  30  nm  spacer  layers,  contact 
doping  of  6  X  10’^cm“^  and  (a)  impurity  density  of  I  x  10^^cm“^ 
n-type,  or  (b)  1  x  10^^  cm“^,  p-lype,  in  the  AlGaAs  barriers. 


of  resonant  tunneling  at  a  bias  of  1.1  V  is  consistent 
with  this  band  diagram. 

The  effects  of  carbon  doping  in  the  AlGaAs  on  the 
resonant  peak  voltage  can  be  effectively  reduced  by 
utilizing  an  AlGaAs  growth  temperature  of  650  °C.  The 
I-V  characteristic  of  a  typical  low  effective  carbon 
AlGaAs/GaAs  RTD  is  shown  in  Fig.  4.  In  this  struc¬ 
ture  the  peak  voltage  of  275  meV  is  comparable 
with  that  obtained  by  MBE  and  the  expected  value 
of  approximately  240  me V  for  the  zero  carbon  doping 
case  of  Fig.  3(a).  This  structure  was  also  grown  on 
an  n+  GaAs  substrate  in  the  sequence:  300  nm 
GaAs  (4  X  10*^  cm“^),  50  nm  GaAs  (5  x  lO^^.cm"^), 
20  nm  GaAs  spacer  (undoped),  5/5/5  nm  Alo.3Gao.7As/ 
GaAs  double  barrier,  20  nm  GaAs  spacer  (undoped), 
50  nm  GaAs  (5  x  lO’^cm”^)  and  a  300  nm  GaAs  con¬ 
tact  layer  (6  x  10^^  cm“^). 


Fig.  4.  Room  temperature  and  77  K  current- voltage  characteristics 
of  an  AlGaAs/GaAs  ALE-grown  resonant  tunneling  diode. 


Room  temperature  negative  differential  resistance  in 
the  ALE-grown  RTD  is  observed  for  the  first  time  in 
this  device.  Fig.  4.  The  low  resonant  peak  voltage 
suggests  that  the  background  carbon  density  is  effec¬ 
tively  negated  in  this  growth  mode,  however,  estimates 
based  on  growth  calibrations  for  these  conditions  still 
indicate  a  p-dopant  density  of  2xl0^^cm"^.  While 
these  results  are  not  superior  to  conventional  MBE 
growth  of  AlGaAs/GaAs  RTDs,  the  ALE  RTDs  are 
comparable  with  previously  reported  metal -organic 
chemical  vapor  deposition  grown  [16]  RTDs.  We  at¬ 
tribute  the  difference  between  MBE  and  ALE  RTDs  to 
the  high  background  carrier  densities  in  the  tunnel 
barriers  as  grown  by  ALE  which  leads  to  an  increase  in 
leakage  current  at  the  off-resonance  bias. 


3.  Wafer  mapping 

For  the  device  shown  in  Fig.  4,  we  have  mapped  the 
uniformity  of  the  resonant  peak  voltage,  the  peak  cur¬ 
rent,  and  the  peak-to-valley  current  ratio  (PVR)  across 
the  wafer.  These  results  are  shown  in  Fig.  5.  A  uniform 
growth  region  is  obtained  over  the  outer  radial  portion 
of  the  growth  susceptor,  where  the  isolation  of  reac¬ 
tants  is  most  complete.  Over  the  uniform  part  of  the 
wafer  the  voltage  uniformity  is  within  5%  of  the  aver¬ 
age  peak  voltage  over  the  wafer,  and  the  current  den¬ 
sity,  which  is  more  sensitive  to  monolayer  fluctuations, 
is  within  18%  of  the  average  peak  current.  The  litho¬ 
graphic  uniformity  of  device  areas  has  been  measured; 
device  areas  differ  by  as  much  as  8%  over  the  diameter 
of  the  5  cm  wafer  half.  The  overall  uniformity  is  com¬ 
parable  with,  or  slightly  better  than,  what  we  have 
previously  observed  by  MBE,  and  is  expected  to  im¬ 
prove  with  further  optimization  of  growth  conditions, 
such  as  temperature,  gas  inlet  jetting  and  injector  flow 
rates.  For  the  present  results,  uniformity  optimization 
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Fig.  5.  Wafer  maps  of  the  RTD  resonant  peak  voltage  (a),  peak  current  density  (b),  and  peak-to-valley  current  ratio  (PVR)  (c)  for  the 
ALE-grown  RTD  of  Fig.  4  (wafer  El 24-92,  300  K,  4  x  20  pm^). 


Fig.  6.  Comparison  of  four  ALE-grown  resonant  tunneling  diodes 
along  the  row  corresponding  to  the  fourth  row  in  from  the  edge  of 
the  wafer  of  Fig.  5  and  corresponding  to  the  uniform  area  of  the 
wafer. 


of  the  reactant  gas  injectors  was  not  done  after  the 
present  chamber  was  modified  for  ALE  growth.  As  a 
result,  thickness  nonuniformities  due  to  gas  injector 
variations  of  the  order  of  20-40%  exist  under  conven¬ 
tional  MOCVD  operation  where  almost  none  would  be 
observed  for  ALE  operation  under  similar  growth  con¬ 
ditions. 


In  Fig.  6,  we  show  four  I-  V  characteristics  of  this 
same  wafer  taken  along  the  fourth  row  in  a  line  parallel 
with  the  cleaved  flat.  Adjacent  devices  differ  slightly  in 
peak  current  density,  but  by  less  than  the  lithographic 
uncertainty.  Current  increase  or  decrease  by  approxi¬ 
mately  50%  is  expected  for  a  single  monolayer  fluctua¬ 
tion.  Since  the  observed  variation  (18%)  is  less  than 
this,  the  growth  of  tunnel  barriers  is  reasoned  to  be 
controlled  to  within  a  fraction  of  a  monolayer.  Growth 
steps  [17]  and  interface  roughness  [18]  in  the  double 
barrier  structure  account  for  the  fact  that  the  observed 
variations  in  peak  current  density  and  peak  voltage  are 
not  discrete. 


4.  Lateral  heterojunction  resonant  tunneling  transistor 

The  ability  of  ALE  to  provide  conformal  overgrowth 
on  etched  [19]  or  selectively  grown  [20]  crystalline 
facets  offers  an  added  degree  of  freedom  for  device 
engineering.  This  technology  offers  the  possibility  of 
significantly  raising  the  operating  temperature  of  sev¬ 
eral  lateral  quantum  devices,  such  as  those  which  use 
depletion-defined  electrostatic  barriers  formed  in  the 
plane  of  a  two-dimensional  electron  gas  to  define  the 
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Fig.  7.  Proposed  lateral  heterojunction  resonant  tunneling  transistor 
formed  by  conformal  atomic  layer  epitaxial  overgrowth. 

device  geometry.  In  such  systems,  the  tunnel  barriers  are 
both  relatively  low  and  relatively  wide,  which  leads  to 
low  operating  temperatures.  By  replacing  the  depletion 
barriers  with  lateral  heterojunctions,  the  size  of  the 
device  can  be  reduced  and  the  barrier  heights  increased. 
This  leads  to  an  increase  in  the  quantized  state  splitting 
and  thereby  the  temperature  of  operation. 

One  such  device,  the  lateral  resonant  tunneling  transis¬ 
tor  (LRTT)  is  shown  schematically  in  Fig.  7.  The  low 
temperature  multiple  NDR  characteristics  of  the  LRTT 
have  been  demonstrated  previously,  using  depletion- 
defined  tunnel  barriers  [21-23].  In  the  proposed  device 
a  single  trench  of  order  20  nm  width  is  selectively  etched, 
or  otherwise  formed,  through  the  two-dimensional  elec¬ 
tron  gas  of  a  modulation  doped  heterostructure.  Lateral 
heterojunctions  formed  on  the  sidewalls  by  ALE  provide 
dual  resonant  tunneling  barriers  between  source  and 
drain  contacts  to  the  two-dimensional  electron  gas. 
Unlike  the  vertical  RTD,  in  this  heterostructure  the 
quantum  well  region  is  one-dimensional  and  the  relative 
alignment  between  quantized  states  in  the  well  and  the 
electron  source  distribution  can  be  controlled  by  a  gate 
electrode. 

The  current  through  the  device  is  the  sum  over  all 
the  current  conduction  paths  through  the  double  barrier, 
/p  oc  (ejh)  'Ll  r,  r,.,  where  T,  is  the  energy  width  of  the  /th 
tunneling  resonance  and  7,  is  the  value  of  the  transmis¬ 
sion  coefficient  at  the  resonance  peak.  Simulations  of 
this  structure  at  room  temperature  indicate  that  channel 
current  can  be  modulated  by  a  factor  of  50  or  more  by 
application  of  a  gate  bias.  Further  reduction  in  the 
device  dimension  normal  to  the  plane  of  the  schematic 
diagram  of  Fig.  7  promises  still  higher  modulation 
factors  as  the  electron  gas  dimensionality  of  the  source, 
drain  and  gate  regions  is  reduced.  In  addition  multiple 
trench  formation  allows  the  realization  of  multi-input 
devices  to  further  increase  the  device  function. 


5.  Discussion 

We  have  outlined  the  characteristics  of  RTDs  grown 
by  ALE,  demonstrating  both  room  temperature  opera¬ 


tion  and  monolayer  thickness  control.  We  have  also 
proposed  a  lateral  heterojunction  resonant  tunneling 
transistor  which  utilizes  the  conformal  overgrowth  of 
tunnel  barriers  to  raise  the  transistor  operating  temper¬ 
ature.  For  future  applications,  monolayer  dimensional 
control  allows  the  precise  epitaxial  definition  of  quan¬ 
tum  device  switching  voltages  and  currents.  This  ability 
to  control  the  switching  thresholds  is  analogous  to  the 
specification  of  semiconductor  bandgaps  in  conven¬ 
tional  device  technologies.  Further  development  of  the 
ALE  growth  method  is  needed  to  exploit  fully  the 
unique  capabilities  of  ALE  over  conventional  MBE  and 
MOMBE  systems  for  high  uniformity  and  three-dimen¬ 
sional  device  engineering. 
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Abstract 

Issues  facing  large  area  growth  of  GaAs  by  atomic  layer  epitaxy  (ALE)  are  discussed.  We  have  used  a  movable 
X-shaped  mechanical  barrier  to  divide  the  growth  chamber  into  four  zones.  Alternate  zones  either  supply  source  gas 
or  mask  the  wafer  from  exposure  to  source  gases.  The  substrate  rotating  beneath  the  barrier  is  alternately  exposed 
to  Group  III  and  Group  V  sources.  The  thickness  uniformity  is  affected  by  both  the  spatial  variation  of  the  TMG 
flux  and  the  range  of  TMG  flux  in  which  self-limited  growth  is  valid.  Carbon  incorporation  can  be  reduced  by  using 
TBA  and  increasing  TBA  or  ASH3  exposure  time.  GaAs  epitaxial  layers  with  hole  concentration  lower  than 
10^'^  cm“^  and  thickness  uniformity  less  than  2%  over  a  50  mm  diameter  wafer  grown  at  580  °C  have  been  obtained. 
Preliminary  300  K  photoluminescence  measurement  of  ALE  AIq  34Gao  sgAs  grown  at  560  has  shown  strong 
emission  intensity  which  compares  with  no  emission  from  MOCVD  AlGaAs  grown  at  560  °C. 


1.  Introduction 

ALE  is  an  attractive  growth  technique  due  to  its 
desirable  attributes  such  as  improved  thickness  and 
doping  uniformity,  and  digital  thickness  control.  Cur¬ 
rent  problem  areas  include  low  growth  rate  (typically 
0.05|xmh~^  using  the  alternating  gas  switching  ap¬ 
proach),  high  carbon  background  and  narrow  process 
parameter  windows  for  ALE  growth.  Several  research 
groups  [1-3]  have  suggested  that  gas  phase  decomposi¬ 
tion  is  the  major  cause  of  excess  surface  gallium  which 
limits  the  extent  of  the  ALE  process  window.  At  high 
temperature  and  high  TMG  flux,  excess  Ga  on  the 
surface  can  lead  to  greater  than  one  monolayer  per  cycle 
ALE  growth  rate.  Ozeki  et  al.  [1]  have  also  shown  that 
the  removal  of  the  boundary  layer  is  crucial  to  obtaining 
the  ALE  growth  mode  over  a  wide  process  window. 
The  high  carbon  background  has  been  attributed  to 
insufficient  thermal  decomposition  of  trimethylgallium 
since  the  temperature  range  for  ALE  growth  is  usually 
lower  than  that  of  conventional  MOCVD.  Approaches 
using  high  temperature  and  high  V/III  ratios  to  reduce 
the  carbon  concentration  in  GaAs  and  AlGaAs  have 
also  been  reported  [2,  4].  In  order  to  address  the  problem 
of  low  growth  rate,  an  approach  has  been  utilized  by 
Tischler  and  Bedair  [5],  which  employed  a  rotating 
sample  holder  with  adjustable  clearance  (of  the  order 
of  <  1  mm)  under  a  stationary  top  plate,  alternately 
exposing  the  sample  to  each  source  gas.  Between  expo¬ 
sures  the  sample  is  rotated  under  the  top  plate  and  the 
boundary  layer  is  removed  before  the  next  exposure. 
A  much  higher  growth  rate  of  about  0.5  pm  h"’  was 
obtained  due  to  the  elimination  of  gas  switching  and  the 


reduced  minimum  TMG  exposure  time  (0.25  s)  at  higher 
temperatures. 

In  this  work  we  will  discuss  issues  facing  large  area 
growth  using  ALE  such  as  thickness  uniformity  and 
background  carbon  concentration.  Also,  preliminary 
AlGaAs  results  will  be  presented. 


2.  Experimental  details 

Details  of  the  reactor  design  have  been  reported 
elsewhere  [6].  A  modified  EMCORE  GS/3300  MOCVD 
system  was  used  for  these  ALE  studies.  The  growth 
chamber  is  a  vertical,  cold  wall  reactor  made  of  stain¬ 
less  steel  and  incorporates  a  rotating,  resistance-heated 
Mo  wafer  carrier.  The  wafer  carrier  is  capable  of  hold¬ 
ing  six  50  mm  or  three  75  mm  wafers.  Source  gases 
(and  bubbler  temperatures)  used  are  trimethylgallium 
(TMG,  —  lO'^C,  tertiarybutylarsine  (TBA,  30  X)  and 
arsine  (ASH3,  100%). 

A  top  view  of  the  reactor  is  shown  in  Fig.  1.  The 
column  III  and  column  V  precursors  are  transported  to 
individual  dividing  flow  manifolds  (injectors)  mounted 
180°  apart.  The  injectors  are  stainless  steel  tubes  with 
an  array  of  orifices.  A  movable  X-shaped  mechanical 
barrier  divides  the  chamber  into  four  zones.  The  TMG 
zone  occupies  20%  of  the  total  area.  The  two  purging 
zones  are  covered  by  metal  plates  which  prevent  expo¬ 
sure  to  the  source  gas  mixture,  which  has  been  a 
problem  within  these  zones.  In  order  to  further  isolate 
individual  gas  zones,  a  secondary  source  of  H2  carrier 
flows  through  a  tube  in  the  center  of  the  X-shaped 
barrier  down  to  the  center  of  the  wafer  carrier.  The 
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Wafer  Carrier 


Fig,  1.  Top  view  of  the  ALE  reactor  with  the  dividing  barrier. 


barrier  can  be  positioned  about  0.5  mm  away  from  the 
wafer  carrier  and  therefore  can  efficiently  shear  off  most 
of  the  hydrodynamic  boundary  layer.  This  layer  was 
calculated  to  be  about  a  few  centimeters  thick  using  the 
equation  J  =  4(v/cb)^^^  [7],  where  d  is  the  velocity 
boundary  layer  thickness,  v  is  the  kinematic  viscosity 
and  cb  is  the  angular  velocity  of  the  rotating  disk.  The 
substrate  is  rotating  beneath  the  gas  streams  and  thus  is 
alternately  exposed  to  the  column  III  and  V  precursors. 
The  exposure  times  of  Group  III  and  V  precursors  can 
be  controlled  by  changing  the  rotation  speed  or  pausing 
the  DC  servo  motor  at  the  respective  source  zone.  In 
the  ALE  mode,  one  revolution  consists  of  one  mono- 
layer  of  column  III  atoms  followed  by  one  monolayer 
of  column  V  atoms,  which  results  in  one  monolayer  of 
epitaxial  growth  (2.83  A  for  (100)  GaAs).  Therefore  the 
total  layer  thickness  is  determined  only  by  the  lattice 
constant  of  the  material  and  the  total  number  of  cycles 
and  may  be  easily  controlled  by  simply  counting  the 
number  of  rotations  (‘digital  epitaxy’). 


3.  Results  and  discussions 

Initial  results  are  shown  in  Figs.  2  and  3  for  the 
growth  rate  saturation  of  GaAs  (one  monolayer  per 
cycle)  over  a  range  of  TMG  flow  rates  (Fig.  2),  and  for 
a  range  of  rotation  speeds  (exposure  time)  (Fig.  3). 
Saturation  is  observed  in  both  cases  indicating  that  an 
ALE  growth  mode  has  been  obtained.  The  thickness 
uniformity  was  found  to  improve  at  lower  rotation  speed 
and  longer  exposure  times.  The  reason  is  not  clear,  but 
may  be  due  to  insufficient  time  for  surface  reconstruction 
at  high  rotation  (short  exposure  time).  Also,  15%  of  the 
wafer  area  close  to  the  edges  (both  close  to  the  center  of 
rotation  and  the  edge  of  wafer  carrier)  is  thinner  and 
may  be  due  to  uneven  temperature  distribution.  The 
best,  reproducible  thickness  uniformity  result  obtained 
was  ±  1%  over  85%  of  a  50  mm  diameter  wafer. 
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Figure  4  shows  the  growth  rate  vs.  TMG  concentra¬ 
tion  characteristic  at  550  °C,  indicating  a  non-saturated 
growth  rate.  This  implies  that  the  ALE  growth  window 
has  narrowed  or  completely  disappeared.  More  experi¬ 
ments  are  needed  to  further  confirm  this  point.  How¬ 
ever,  Reid  et  al  [8]  have  observed  that  in  the  higher 
temperature  range,  self-limiting  growth  only  occurs  for 
a  narrow  range  of  TMG  exposure  times.  Colter  et  al. 
[2]  also  reported  that  self-limiting  growth  was  observed 
only  in  a  narrow  range  of  TMG  flow  rates  at  550  °C  in 
a  similar,  modified  EMCORE  reactor.  These  results 
have  important  implications  for  the  ALE  growth  of 
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TABLE  1.  Temperature  effect  of  thickness  uniformity  for  two  injec¬ 
tor  hole  patterns  - 


Run  Growth  temperature  Growth  rate  Uniformity 

No.  ( °C)  (monolayer  cycle~‘)  (%) 


Hole  pattern:  equal  size  —  0.03  in. 

345  540  1  3 

350  580  0.9  36 

359  600  0.9  43 

Hole  pattern:  0.04  in.  for  the  first  four  holes,  0.03  in.  for  the  rest 
310  550  1  2.3 

312  580  1  2 


large  area,  uniform  films  since  the  exposure  time  and 
range  of  Group  III  flux  over  the  wafer  surface  have  to 
be  within  the  respective  ALE  process  windows.  This 
argument  is  supported  by  the  data  in  Table  1,  At  high 
growth  temperature,  600  °C,  the  growth  rate  at  one  end 
of  the  wafer  is  lower  than  one  monolayer  per  cycle  and 
the  thickness  uniformity  is  poor,  43%.  This  indicates  a 
non-uniform  TMG  flux  along  the  TMG  injector.  How¬ 
ever,  this  non-uniform  flux  does  not  affect  the  thickness 
uniformity  at  540  °C  since  the  ALE  growth  process 
window  is  wide  enough  for  the  variation  in  TMG 
concentration  to  accommodate  this  variation.  When  we 
varied  the  orifice  pattern  on  the  TMG  injector,  we 
obtained  a  uniform  film  even  at  580  ""C. 

The  electrical  properties  of  these  films  shows  heavily 
p-type  conductivity.  The  hole  concentration  is  typically 
greater  than  lO^^crn"^.  The  source  of  the  acceptors 
is  likely  to  be  the  Group  III  precursor,  TMG.  The 
reduction  of  carbon  incorporation  can  be  enhanced  by 
efficiently  removing  the  methyl  group,  which  can  be 
accomplished  by  increasing  the  growth  temperature  and 
using  high  ASH3  flux  [2,  4].  However,  high  growth 
temperature  can  make  uniform  films  difficult  to  obtain 
and  high  ASH3  flux  can  create  difficulties  such  as  cross¬ 
contamination  between  source  zones.  Therefore,  we 
have  investigated  the  use  of  an  arsenic  source  which 
decomposes  at  a  lower  temperature  than  ASH3  such  as 
TEA.  In  addition,  a  controlled  pause  was  employed 
beneath  the  Group  V  source  to  increase  the  exposure 


time  in  order  to  reduce  carbon  incorporation.  In  this 
way,  low  temperature  ALE  growth  with  low  carbon 
doping  may  be  obtained.  The  preliminary  results  are 
shown  in  Table  2.  Comparing  Run  No.  345  vs,  369  and 
348  vs.  370,  we  can  see  that  TEA  provides  higher 
aresenic  overpressure  (a  hazy  surface  indicates  insuffi¬ 
cient  arsenic  or  excess  gallium)  and  higher  efficiency  of 
carbon  removal  (a  factor  of  3).  Also,  when  the  expo¬ 
sure  time  for  the  Group  V  source  is  increased,  the  hole 
concentration  is  reduced.  This  has  been  speculated  as 
due  to  further  methyl  group  removal  by  the  additional 
supply  of  atomic  hydrogen  from  the  decomposition  of 
Group  V  precursors.  We  have  obtained  a  hole  concen¬ 
tration  lower  than  10’*^cm“^  at  580  °C  with  a  V/III  of 
244  (molar  flow  rate  ratio)  and  arsine  exposure  time  of 
1.4  second. 

ALE  and  MOCVD  growth  of  AlGaAs  have  been 
performed  at  growth  temperature  as  low  as  560  ®C. 
Preliminary  room  temperature  photoluminescence  re¬ 
sults  have  shown  strong  emission  from  the  ALE  sample 
(34%  of  Al)  and  no  emission  from  the  MOCVD  sample 
(21%  of  Al).  Efforts  in  reducing  the  carbon  incorpora¬ 
tion  in  the  AlGaAs  film  are  currently  underway. 


4.  Conclusion 

Issues  facing  large  area  growth  of  GaAs  by  atomic 
layer  epitaxy  (ALE)  are  discussed.  The  thickness  uni¬ 
formity  is  affected  by  the  spatial  variation  of  the  TMG 
flux  and  the  range  of  TMG  flux  over  which  self-limiting 
growth  is  valid.  Uniform  thickness  films  are  more 
difficult  to  achieve  at  high  growth  temperature  due  to 
the  decreased  width  of  the  ALE  process  window.  Car¬ 
bon  incorporation  can  be  reduced  by  using  TEA  and 
increased  exposure  time  (TEA  or  ASH3).  GaAs  films 
with  hole  concentration  lower  than  10^^  cm"^  with 
thickness  uniformity  less  than  2%  over  a  50  mm  diame¬ 
ter  wafer  grown  at  580  °C  have  been  obtained.  Prelimi¬ 
nary  300  K  photoluminescence  data  for  Alo.34Gao.66As 
grown  by  ALE  at  560  °C  have  shown  strong  emission 
intensity  as  compared  with  no  emission  from  compara¬ 
ble  AlGaAs  grown  by  MOCVD  at  560  °C. 


TABLE  2.  Group  V  precursor  and  exposure  time  effect  of  background  hole  concentration 


Run 

No. 

TMG 

(ccm) 

TBA 

(ccm) 

Arsine 

(ccm) 

TMG  exposure 
(s) 

Group  V  exposure 
(s) 

Growth  temperature 
(°C) 

Hole  concentration 
(cm-^) 

345 

7 

80 

0.56 

0.56 

540 

1,4  X  10’’ 

348 

7 

80 

0.56 

3.85 

540 

2.4  X  10'® 

369 

7 

35 

0.56 

0.56 

540 

Hazy 

370 

7 

35 

0.56 

3.85 

540 

7.4  X  10'® 

319 

7 

80 

0.45 

0.45 

580 

5,5  X  10'® 

350 

7 

63 

0.56 

3.85 

580 

1.4  X  10'’ 
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Abstract 

Atomic  layer  epitaxy  (ALE)  of  the  Al^Ga,_;,As  material  system  for  has  been  demonstrated  on  a 

converted  commercial  reactor.  A  second-generation  chamber  design  allows  a  broadened  ALE  region  of  operation 
over  a  wide  temperature  (550-650  °C)  and  reactant  flow  range.  ALE  of  device  quality  GaAs  and  AlGaAs  has  been 
achieved  and  ALE  growth  of  AlAs  has  been  obtained  for  the  first  time.  Background  doping  levels  varied  from  high 
resistivity  to  10^°cm“^  and  depended  strongly  on  aluminum  content  x,  growth  temperature  and  V:III  ratio.  Also, 
uniformity  results  obtained  from  photoluminescence  emissions  of  AlGaAs/GaAs  quantum  wells  grown  by  ALE  will 
be  presented  and  discussed. 


1.  Introduction 

The  ever-increasing  demands  on  the  semiconductor 
industry  for  better  and  faster  integrated  circuits  will 
demand  ever-smaller  device  dimensions.  Submicron 
device  geometries  and  operation  of  electron  devices  in 
the  quantum  realm  will  necessitate  thickness  control  on 
the  atomic  scale.  Additionally,  acceptance  of  III-V 
semiconductors  as  a  practical  successor  to  silicon  will 
demand  high  yields  over  large  area  substrates.  Atomic 
layer  epitaxy  (ALE)  holds  great  potential  as  a  growth 
technique  capable  of  providing  such  control  for  III-V 
semiconductors.  Other  appealing  features  of  ALE  in¬ 
clude  selective  area  growth  [1],  bult-in  high  p-type 
doping  and  well-behaved  side-wall  deposition  [2]  not 
possible  by  normal  chemical  vapor  deposition  (CVD) 
means. 

The  design  of  the  ALE  chamber  used  for  this  study  is 
based  on  one  developed  previously  in  our  laboratory 
[3].  The  two  reactant  gas  streams  (e.g.  trimethylgallium 
(TMG)  and  arsine)  are  run  simultaneously  through  the 
chamber  separated  by  both  mechanical  gas  barriers. 
The  substrate  is  then  rotated  from  the  TMG  to  the 
arsine  stream  to  complete  one  cycle  of  growth. 

In  recent  reports  of  various  device  structures,  GaAs/ 
AlGaAs  lasers  [4]  and  GaAs/AlGaAs  heterojunction 
bipolar  transistors  (HBTs)  [5]  were  grown  using  con¬ 
ventional  ALE  or  laser-assisted  ALE  [6].  In  those  cases 
only  the  GaAs  layer  was  grown  by  ALE.  ALE  was  not 
used  for  deposition  of  the  AlGaAs  epilayers,  but 
metal-organic  CVD  (MOCVD)  was  used  instead.  This 
is  chiefly  due  to  the  difficulties  in  depositing  ALE 
AlGaAs  films  with  low  background  carbon  levels. 
However,  we  believe  that  some  of  the  shortcomings  of 


the  ALE  growth  technique  with  high  band  gap  materi¬ 
als  such  as  the  AlGaAs  material  system  are  being 
overcome.  Indeed,  we  have  previously  reported  on 
the  growth  of  HBTs  entirely  by  ALE  and  now  report 
on  the  ALE  growth  of  additional  GaAs/Al^Gai  As 
device  structures  and  AlAs  material  on  GaAs  sub¬ 
strates. 


2.  Experimental  details 

The  reactor  used  in  this  investigation  is  a  modified 
Emcore  3200  system  which  has  been  previously  de¬ 
scribed  [7].  The  camber  is  subdivided  into  six  equally 
spaced  compartments  by  the  quartz  partitions  which 
separate  the  reactant  gases  and  shear  off  a  part  of  the 
boundary  layer  above  the  substrate.  The  partition’s 
height  above  the  substrate  can  be  finely  controlled  for 
improved  confinement  of  reactant  gases  and  boundary 
layer  shearing.  The  distance  away  from  the  substrate  is 
adjusted  via  a  mechanical  feed-through  and  was  set  to 
1  mm  for  this  study.  A  growth  cycle  is  composed  of  an 
exposure  to  TMG  (and/or  trimethylaluminum  (TMAl)), 
flushing  by  H2,  an  exposure  to  ASH3  (100%),  and 
flushing  by  H2.  This  sequence  is  carried  out  by  rotating 
the  substrate.  All  experiments  were  conducted  at  a 
system  pressure  of  30Torr.  A  1000  ppm  silane  source 
(n  type)  and  carbon  (p  type)  from  the  metal-organic 
sources  were  used  as  the  dopants. 

First,  we  will  present  the  results  obtained  for  the 
GaAs  and  AlAs  binary  systems.  Then,  the  results  ob¬ 
tained  for  the  ternary  AlGaAs  alloy  system  will  be 
presented  and  followed  by  a  brief  review  of  device 
application  of  the  GaAs/AlGaAs  system. 
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Fig.  1 .  The  ALE  region  of  operation  for  various  temperatures  as  a  function  of  TMG  dose. 


■  650  C  ^  550  C  ^  600  C 


Fig.  2.  Background  carbon  doping  of  ALE  grown  GaAs  as  a  function  of  V;III  ratio. 


2.L  Gallium  arsenide 

ALE  growth  of  GaAs  was  achieved  over  a  broad 
range  of  temperatures  and  exposure  times  to  the  TMG 
flux.  Figure  1  summarizes  the  different  regions  of  be¬ 
havior  for  a  given  dose  of  TMG.  The  dose  was  normal¬ 
ized  by  multiplying  the  input  gallium  flux  in 
micromoles  per  second  by  the  exposure  time  to  TMG 
per  cycle.  For  example,  a  rotational  rate  of  24  rev 
min”^  corresponds  to  a  growth  rate  of  0.4  pm  hr~‘  and 
an  exposure  time  of  0.42  s  cycle” Data  points  used  in 
generating  Fig.  1  were  obtained  from  rotational  rates  of 
18  and  24  rev  min”’,  using  both  the  one-  and  two-injec- 
tor  configurations  for  column  III  sources.  From  empir¬ 
ical  results  obtained  we  can  see  that  the  region  of 
self-limited  growth  exhibits  a  strong  dependence  on  the 
growth  temperature.  Particularly,  the  650  ""C  region  of 


saturation  is  narrower  than  that  obtained  at  600  or 
550  °C. 

It  was  also  observed  that  the  background  carbon 
concentration  has  a  strong  dependence  on  the  V:III 
ratio.  Figure  2  shows  the  background  p-type  carbon 
doping  for  several  temperatures  and  V:III  ratios.  Mea¬ 
sured  carrier  concentrations  were  obtained  from  Van 
der  Pauw  Hall  measurements  on  films  of  0.3  pm  or 
thicker.  The  point  labeled  SI  in  Fig.  2  designates  a 
sample  where  no  Hall  measurement  could  be  obtained 
for  a  0.8  pm  thick  film  because  of  depletion  effects. 
Therefore,  this  film’s  background  doping  level  can  be 
estimated  [8]  to  be  below  1  x  10’^  cm”^. 

In  general,  low  background  doping  levels  were  ob¬ 
tained  for  high  V:III  ratios.  It  was  observed  for  an 
equivalent  dose  of  TMG  (flux  multiplied  by  exposure 
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Fig.  3.  Growth  curve  for  AlAs;  also  displayed  in  the  legend  is  the  exposure  time  to  TMAl  (in  seconds)  and  growth  temperature. 


time  per  cycle),  longer  exposures  at  lower  fluxes  pro¬ 
vided  a  lower  background  doping  level  than  a  higher 
TMG  flux  for  a  shorter  exposure  time,  while  keeping 
the  column  V  flow  constant.  A  longer  exposure  to  the 
column  III  element  requires  a  lower  column  III  flow, 
thus  increasing  the  effective  V:III  ratio.  To  prevent 
possible  mixing  of  the  reactant  gases,  lower  TMG  fluxes 
were  preferred  over  high  arsine  flows  for  growth  of 
depleted  films  that  required  high  V:III  ratios. 

2,2.  Aluminum  arsenide 

The  saturated  growth  of  aluminum  arsenide  (AlAs) 
was  also  achieved  over  a  wide  temperature  and  expo¬ 
sure  range.  Saturated  growth  was  observed  at  both  550 
and  650  °C.  Figure  3  shows  AlAs  growth  saturating  at 
1  monolayer  (ML)  cycle over  the  input  flux  range 
studied.  As  expected,  the  region  of  saturated  growth 
shrinks  as  the  growth  temperature  is  increased.  At 
650  °C  the  ALE  region  is  confined  to  a  10%  input  flux 
variation;  although  small,  this  is  the  highest  tempera¬ 
ture  reported  for  saturated  growth  of  AlAs. 

The  regions  of  saturated  growth  for  both  GaAs  and 
AlAs  were  found  to  overlap  over  the  same  temperature 
ranges,  exposure  times  and  column  III  reactant  input 
fluxes.  The  AlAs  films  exhibited  a  much  higher  back¬ 
ground  carbon  concentration  than  the  GaAs.  Attempts 
to  reduce  the  background  carbon  while  maintaining 
saturated  growth  results  in  mid  10’^  cm“^  carbon  dop¬ 
ing. 

The  AlAs  films  deposited  over  a  TMAl  input  reactant 
range  near  the  onset  of  satuation  were  observed  to  have 
smooth  surfaces  with  excellent  specularity.  However,  as 
the  input  flux  of  TMAl  was  increased  even  further, 
hazing  of  the  films  was  found  to  occur.  This  is  believed 
to  be  a  result  of  increasing  carbon  incorporation  into 


the  films.  ALE-deposited  AlAs/GaAs  quantum  wells 
were  found  to  luminescence  at  77  K;  blue-shifted  emis¬ 
sion  peaks  had  full  widths  at  half-maximum  (FWHM) 
of  about  35  meV. 

2.3.  Aluminum  gallium  arsenide 

A  curve  showing  the  self-limited  growth  of  the 
Alo.3Gao.7As  is  shown  in  Fig.  4,  The  region  of  saturated 
growth  of  Fig.  4  appears  more  related  to  the  AlAs 
growth  curve  than  to  that  of  GaAs.  This  implies  that 
the  reactions(s)  taking  place  which  result  in  saturated 
growth  have  a  higher  sensitivity  to  the  TMAl  precursor 
than  the  TMG.  This  is  in  good  agreement  with  other 
published  data  where  difficulty  in  obtaining  saturated 
growth  at  1  ML  cycle"*  of  AlAs  with  TMAl  as  a 
precursor  was  encountered  [9].  Since  the  AlGaAs  satu¬ 
rated  growth  region  appears  to  be  dominated  by  the 
AlAs  saturated  growth  region,  it  is  desirable  to  have  the 
latter  as  broad  as  possible.  Pre-cracking  [10]  the  TMAl 
and  the  use  of  other  aluminum  precursors  [11]  are 
methods  recently  reported  in  obtaining  saturated 
growth  of  AlAs.  These  techniques  may  be  useful  for 
improving  the  region  of  AlAs  saturated  growth  on 
future  experiments. 

The  variation  of  background  doping  was  also  exam¬ 
ined  and  found  to  increase  with  increasing  TMG-h 
TMAl  flux.  This  is  in  agreement  with  other  studies  [12], 
and  is  due  to  a  higher  level  of  carbon  incorporation  in 
the  film  from  the  organometallic  reactant  gases.  Back¬ 
ground  doping  levels  from  low  10*^  to  mid  10*^  are 
possible  by  changing  the  conditions  under  which  satu¬ 
rated  growth  is  obtained,  such  as  temperature  or 
column  III  flow.  Background  doping  levels  are  control¬ 
lable  over  a  much  wider  range  by  more  dramatic 
changes  to  the  V:III  ratio  or  exposure  times  to  the 
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Fig.  4.  Self-limited  behavior  of  Alo.sGao.yAs;  exposure  times  (in  seconds)  to  column  III  reactants  are  given  in  the  legend;  growth  temperature 
was  650  °C  except  where  noted. 


Fig.  5.  Room  temperature  emission  observed  for  50  A  QW  structures 
grown  at  650  °C.  The  bracketed  region  corresponds  to  a  1  ML 
variation  in  well  thickness. 


column  III  flux,  without  loss  of  saturated  growth.  The 
highest  p-type  background  carbon  level  measured  was 
about  2x10^®  cm”^. 

The  Alo.3Gao.7As  epilayers  also  demonstrated  good 
optical  properties.  Intense  photoluminescence  (PL) 
emissions  from  GaAs/AlGaAs  quantum  wells  (QWs) 
were  obtained  at  room  temperature.  These  structures 
used  Alo.sGao.y  grown  at  650  °C  as  the  barrier  material. 
The  FWHM  of  the  emissions  at  room  temperature  was 
about  70  meV.  The  deviation  in  the  peak  emissions  of 
the  QWs  taken  at  several  locations  along  the  substrate’s 
radial  direction  are  shown  in  Fig.  5.  The  radial  direc- 
tion  is  used  as  a  figure  of  merit  for  uniformity,  since 
measurements  along  a  track  normal  to  the  radial  are 
expected  to  be  uniform  resulting  from  rotation  of  the 
susceptor.  Shifts  in  peak  energies  correspond  to  radial 
thickness  variations  of  less  than  1  ML  across  a  2  cm 


region.  This  region  of  good  uniformity  is  indicated  in 
the  schematic  of  the  susceptor  plan  view  in  Fig.  5  by  the 
hatched  region  labeled  as  “substrate’.  The  reactant  gas 
injection  system  provides  the  necessary  flux  for  satu¬ 
rated  growth  along  an  outer  annular  ring  of  the  rotat¬ 
ing  susceptor.  The  central  region  of  the  susceptor  is 
avoided  by  the  gas  inlet  jets  as  much  as  possible  in 
order  to  reduce  or  eliminate  any  potential  reactant  gas 
mixing  in  or  near  the  center.  This  results  in  submono¬ 
layer  growth  for  the  inner  region  of  the  susceptor. 
Optical  measurements  made  on  bulk  GaAs  films  by  the 
groove  and  stain  method  [13]  with  a  Philtec  2015-C 
sectioning  system  in  the  radial  direction  correlated  well 
with  the  PL  emission  uniformity  results.  As  expected, 
virtually  no  variation  in  thickness  was  observed  by 
optical  thickness  measurements  in  directions  normal  to 
the  radial  direction. 

n-type  doping  of  the  Alo.3Gao.7As  with  1000  ppm 
silane  in  H2  was  done.  Figure  6  shows  the  resulting 
n-type  carrier  concentrations  as  a  function  of  the 
silane  flow  rate.  The  Alo.3Gao.7As  for  the  n-type  dop¬ 
ing  experiments  was  deposited  at  650  with  a  total 
column  III  input  flux  of  about  0.055  pmol  cycle”  ^ 
These  conditions  gave  a  background  carbon  doping 
level  of  about  2  x  10^^  cm”^.  n-type  saturation  at 
about  1  X  10^^  cm“^  is  found  to  occur  with  increases  in 
silane  only  resulting  in  a  drop  in  the  mobility.  This 
would  tend  to  indicate  that  increases  in  dopant  flows 
result  in  an  increased  impurity  incorporation,  and  thus 
the  drop  in  mobility.  However,  compensation  effects 
may  be  limiting  the  upper  n-type  doping  level. 

Room  temperature  Hall  mobility  for  the  silicon- 
doped  Alo,3Gao.7As  films  varied  from  1250  cm^  s“^ 
to  1600  cm^  s”^  for  n-type  carrier  concentrations 
of  about  1  X  10’®  cm”^  and  3  x  10’^  cm“^  respectively. 
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Fig.  6.  n-type  doping  of  Al0.3Ga0.vAs  with  silane  at  650  °C;  also  shown  are  the  mobilities  obtained  for  each  experiment. 


These  mobilities  compare  favorably  with  that  reported 
[14]  for  silicon-doped  MOCVD  films  of  about  220— 
2400cm^  s"\  and  for  those  reported  previously 

for  similar  doping  concentrations  using  tellurium  [15] 
and  selenium  [16]  as  n-type  dopants,  of  about  1000- 
1800  cm^  s"^ 

We  have  previously  reported  use  [17]  of  the  GaAs/ 
AlGaAs  material  system  for  p-n-p  HBTs.  More 
recently  we  have  also  grown  structures  for  applica¬ 
tion  as  resonant  tunneling  diodes  (RTDs).  The  RTDs 
have  been  generally  composed  of  a  50A  GaAs  well 
sandwiched  by  50  A  Alo.3Gao.7As  barriers.  The  entire 
structure  was  grown  at  650  °C  under  conditions  that 
gave  self-limited  growth.  A  more  detailed  discussion 
of  the  RTD’s  performance  will  be  presented  elsewhere 
[18]. 


3.  Summary 

ALE  growth  of  AlAs,  Alo.3Gao.7As  and  GaAs  was 
achieved  over  a  wide  range  of  growth  conditions  on 
large  area  substrates  in  a  specially  modified  com¬ 
mercial  reactor.  By  varying  the  V:III  ratio,  exposure 
times  to  reactant  gases  and/or  the  growth  temperature, 
the  background  carbon  level  in  these  films  was  con¬ 
trolled  from  high  resistivity  to  /?  =  2  x  10^^  cm“^.  Also, 
PL  results  of  the  undoped  Alo.3Gao.7As/GaAs  and 
AlAs/GaAs  QWs  showed  the  material  to  be  of  high 
quality. 

These  films  were  also  doped  n  type  with  silane  as 
the  impurity  source.  Doping  concentrations  as  high  as 
w=7xl0^^cm"^  for  GaAs  and  «  =  1.5  x  10^^ cm"^ 
for  Alo.3Gao.7As  were  achieved.  Application  of  the 


ALE  grown  GaAs/AlGaAs  system  has  been  demon¬ 
strated  on  RTDs  that  exhibited  good  uniformity  and 
performance  characteristics. 
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Abstract 

Triethylgallium  is  used  in  combination  with  arsine  in  selective  area  deposition  of  GaAs  by  laser-assisted  atomic  layer 
epitaxy  with  the  514.5  nm  line  of  an  Ar  ion  laser.  In  addition  to  the  much  lower  laser  intensity  required  to  achieve 
monolayer  self-limiting  growth  than  that  using  trimethylgallium,  an  intense  room  temperature  photoluminescence 
response  is  observable  from  the  double  heterostructures  of  Alo.3Gao.7As/Ga As  with  the  central  GaAs  grown  by  this 
technique,  indicating  good  quality  of  the  GaAs  material  and  interfaces.  The  GaAs  also  exhibits  low  C  contamina¬ 
tion  levels  as  is  evidenced  by  capacitance-voltage  and  secondary  ion  mass  spectrometry  measurements.  GaAs  and 
Zn-doped  p'^-GaAs  grown  by  laser-assisted  atomic  layer  epitaxy  are  incorporated  in  broad  area  laser  devices  for  the 
first  time.  A  threshold  current  density  as  low  as  544  A  cm"^  is  obtained  on  a  570  pm  long  device  under  pulsed  testing 
conditions  at  a  10  kHz  repetition  rate. 


1.  Introduction 

Selective  area  growth  by  laser-assisted  atomic  layer 
epitaxy  (LALE)  is  an  attractive  technique  for  realizing 
complex  layer  structures  in  optoelectronic  integration. 
Both  trimethylgallium  (TMGa)  and  triethylgallium 
(TEGa)  have  been  used  in  LALE  studies  [1-4],  A 
systematic  LALE  study  undertaken  by  us  [5]  has  led  to 
the  growth  of  device  quality  GaAs  by  LALE  using 
TMGa  and  ASH3 .  The  need  for  further  reduction  in  C 
contamination  in  the  epilayers  was  also  indicated.  C 
contamination  is  not  uncommon  to  the  growth  tech¬ 
niques  involving  the  use  of  metal -organics  at  reduced 
temperature.  This  may  be  the  consequence  of  incom¬ 
plete  decomposition  of  the  group  III  metal -organics 
and/or  the  inefficiency  of  the  group  V  hydrides  at  low 
growth  temperatures.  Although  it  has  been  shown  that 
the  growth  conditions  can  be  optimized  to  produce 
device  quality  GaAs  by  LALE  using  TMGa  and  ASH3 
[5],  further  improvement  of  the  material  quality  is 
expected  only  from  a  change  in  the  growth  chemistry  by 
using  different  precursors. 

In  this  paper,  the  use  of  TEGa  as  the  group  III 
precursor  in  combination  with  ASH3  as  the  group  V 
precursor  in  LALE  of  GaAs  is  reported.  The  low  C 
contamination  obtainable  from  metal -organic  chemical 
vapor  deposition  (MOCVD)  [6]  and  metal -organic 
molecular  beam  epitaxy  [7,  8]  using  TEGa  makes  it  a 
first  candidate  in  the  study  aimed  at  reducing  the 
background  impurity  levels  in  the  GaAs  grown  by 
LALE.  Photoluminescence  (PL)  spectroscopy,  capaci¬ 


tance-voltage  C-  V  measurement,  and  secondary  ion 
mass  spectrometry  (SIMS)  have  been  utilized  to  assess 
the  quality  of  GaAs  grown  by  LALE  using  TEGa. 
Through  a  correlation  of  the  results  from  material 
characterization  and  the  growth  control  parameters, 
suitable  conditions  for  achieving  monolayer  self-limiting 
LALE  growth  with  device  quality  GaAs  are  established. 


2.  Experimental  procedures 

The  LALE  growth  is  performed  in  a  switched  fiow 
horizontal  reactor  operated  at  atmospheric  pressure. 
The  schematics  of  the  set-up  and  the  sequence  of  ALE 
operation  are  shown  in  Fig.  1.  The  alternate  exposure 
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Fig.  1.  The  schematics  of  the  LALE  experimental  set-up  and  the 
sequence  of  LALE  operations. 


Elsevier  Sequoia 


116 


Q.  Chen,  P.  D.  Dapkus  /  GaAs  grown  by  ALE  with  TEGa 


of  substrates  to  TEGa  and  ASH3  is  achieved  by  tempo¬ 
ral  switching  of  the  TEGa  and  ASH3  into  a  main  carrier 
H2  that  is  flowing  continuously  through  the  main  cham¬ 
ber  of  the  reactor.  The  gas  handling  system  and  the 
reactor  tube  are  so  designed  that  both  conventional 
MOCVD  and  LALE  can  be  performed  in  a  single  run 
of  hybridized  growth.  The  optical  access  is  provided  by 
a  quartz  window  situated  above  the  susceptor.  A  sepa¬ 
rate  stream  of  H2  is  used  to  protect  the  window  from 
fogging.  The  laser  beam  from  the  514.5  nm  line  of  an 
Ar  ion  laser  is  first  expanded  and  then  refocused  with  a 
cylindrical  lens  producing  typical  beam  dimensions  of 
about  10  mm  long  and  about  300  pm  wide.  A  chopper 
mechanism  consisting  of  a  beam  stop  and  a  computer¬ 
ized  stepper  motor  is  utilized  to  control  the  timing  of 
laser  illumination.  Laser  pulse  durations  from  0.03  s  to 
1  s  have  been  used.  It  was  found  previously  [9]  that  the 
overlap  between  group  III  injection  and  the  laser  pulse 
was  necessary  to  obtain  monolayer  self-limiting  growth. 

For  growth  studies,  a  narrow  line  is  deposited  with 
300  LALE  cycles  and  the  thickness  is  measured  by  a 
stylus  profilometer.  PL,  C-  F,  and  SIMS  measurements 
are  used  to  characterize  the  optical  quality  and  the  C 
contamination.  The  samples  for  PL  measurement  are 
double  heterostructures  (DHs)  with  the  central  GaAs 
region  (570  A)  grown  by  LALE  using  TEGa  and  the 
barrier  layers  grown  by  conventional  MOCVD  using 
TMGa,  trimethylaluminum,  and  ASH3.  C-F  measure¬ 
ment  was  performed  with  the  Schottky  contacts  formed 
directly  on  top  of  the  0.5  pm  thick  GaAs  grown  by 
LALE  on  either  the  bare  n^-GaAs(lOO)  substrates  or 
on  the  buffer  layer  of  Alo.3Gao.7As  grown  by  MOCVD 
on  such  substrates.  A  similar  DH  structure  is  used  also 
for  SIMS  measurement  whereby  multiple  GaAs  layers 
are  grown  by  LALE  using  a  different  combination  of 
precursors  and  the  C  contamination  is  studied.  LALE 
was  carried  out  at  a  substrate  bias  temperature  of  about 
330  ‘"C.  The  TEGa  source  is  kept  at  20  ""C.  The  accom¬ 
panying  conventional  MOCVD  growths  were  carried 
out  at  750  °C. 


3.  Experimental  results 

Shown  in  Fig.  2  is  the  laser  intensity  dependence  of 
LALE  growth  rate  (in  monolayers  (MLs)  per  cycle)  for 
different  illumination  times.  For  a  given  illumination 
time,  the  LALE  growth  rate  will  depend  on  the  laser 
intensity  at  low  intensity  range  before  it  reaches 
1  ML  cycle"  ^  At  very  high  laser  intensity,  on  the  con¬ 
trary,  LALE  growth  tends  to  result  in  rough  morphol¬ 
ogy  with  the  formation  of  a  polycrystalline  deposit. 
There  exists  a  range  of  laser  intensities  with  which 
1  ML  cycle" ^  of  LALE  growth  can  be  obtained.  The 
onset  of  the  monolayer  growth  defines  a  threshold 


Fig,  2.  Laser  intensity  dependence  of  LALE  growth  rate  for  different 
illumination  times.  The  lines  are  drawn  to  aid  the  eyes. 


Fig.  3.  The  illumination  for  monolayer  self-limiting  LALE  growth. 
The  phase  of  monolayer  LALE  operation  is  obtainable  only  in  the 
area  bounded  by  the  two  lines. 

intensity  for  monolayer  self-limiting  LALE  growth  at 
the  specific  illumination  duration.  The  product  of  this 
threshold  intensity  and  the  illumination  time  gives  a 
threshold  energy  deposit  for  each  LALE  cycle  (in  joules 
per  square  centimeter  per  cycle).  Such  energy  flux  for 
different  illumination  times  is  plotted  in  Fig.  3.  The 
aproximate  upper  bound  of  LALE  monolayer  growth  is 
also  given  by  the  broken  line  based  on  the  0.1  s  illumi¬ 
nation  data  in  Fig.  2.  The  point  labeled  with  the  square 
is  from  work  by  Meguro  and  Aoyagi  [10].  The  plot 
given  in  Fig.  3  defines  a  “phase  boundary”  of  LALE 
operation  within  which  monolayer  LALE  growth  can 
be  obtained. 

Because  of  the  much  lower  intensity  required  to 
achieve  monolayer  LALE  growth  in  this  case  than  in  the 
case  using  TMGa,  heating  effects  are  greatly  reduced.  As 
a  result,  the  lateral  definition  of  the  LALE  deposit  is 
more  abrupt  as  is  shown  in  Fig.  4  by  the  full  line  of  the 
typical  cross-sectional  profile  across  LALE  stripes  as 
compared  with  the  profile  obtained  from  a  stripe  grown 


Fig.  4.  Typical  thickness  profiles  across  LALE  stripes  grown  using 
TEGa  ( - )  and  TMGa  (•■  ■). 
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Fig.  5.  LALE  growth  rate  as  a  function  of  TEGa  flux,  showing 
self-limiting  growth  with  respect  to  TEGa  exposure. 
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using  TMGa.  This  is  one  of  the  advantages  in  using 
TEGa  as  the  source  material. 

The  LALE  growth  rate  (in  monolayers  per  cycle)  as 
a  function  of  TEGa  flux  per  cycle  for  the  same  TEGa 
exposure  time  of  1.5  s  is  plotted  in  Fig.  5.  In  contrast  to 
thermal  ALE  using  TEGa  where  no  self-limiting  is 
observable,  monolayer  self-limiting  growth  is  observed 
in  LALE  with  respect  to  TEGa  input.  This  is  a  strong 
argument  that  LALE  is  not  simply  the  result  of  local¬ 
ized  heating. 

Typical  room  temperature  PL  spectra  from  DHs  with 
the  central  GaAs  grown  by  LALE  are  shown  in  Fig.  6 
for  samples  grown  using  TEGa  and  TMGa.  The  intense 
PL  response  at  room  temperature  under  moderate  exci¬ 
tation  indicates  good  quality  of  the  GaAs  material  and 
the  interfaces.  Better  PL  efficiency  is  generally  obtained 
in  the  case  of  using  TEGa  despite  the  lower  substrate 
bias  temperature  of  330  °C  as  compared  with  380  °C  in 
the  case  of  using  TMGa. 

In  addition,  LALE  GaAs  layers  grown  to  thicknesses 
up  to  0.5  pm  were  depleted  through  even  at  zero  bias.  A 
low  zero  bias  capacitance  (5  pF)  allows  us  to  estimate 
the  background  carrier  concentration  to  be  ^  4  x 
lO^^cm”^  using  a  built-in  potential  of  1.4  V.  This  low 
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Fig.  6.  Room  temperature  PL  spectra  from  DHs  with  the  central 
GaAs  region  grown  by  LALE  using  TEGa  and  TMGa  in  combina¬ 
tion  with  ASH3. 
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Fig.  7.  The  SIMS  C  and  A1  traces  through  the  structure  with  the 
multilayered  GaAs  region  grown  by  LALE  using  TEGa  and  AsHj 
(layer  a),  TMGa  and  TBAs  (layer  b),  and  TMGa  and  ASH3  (layer  c). 


doping  level  is  accompanied  by  the  fact  that  Schottky 
contacts  can  be  formed  on  top  of  the  GaAs  grown  by 
LALE  using  TEGa  with  a  reverse  breakdown  voltage 
as  high  as  20  V.  Direct  evidence  of  C  reduction  comes 
from  our  SIMS  measurement  as  is  shown  in  Fig.  7.  The 
C  level  in  the  layer  grown  using  TEGa  and  ASH3  (layer 
a)  was  not  observed  above  the  background  level  of  the 
Alo.3Gao.7As  layers  used  to  isolate  the  LALE  GaAs 
layers.  On  the  contrary,  an  appreciable  amount  of  C 
was  detected  in  the  layer  grown  using  TMGa  and 
AsHg.  Growth  chemistry  is  shown  to  have  a  substantial 
influence  on  the  C  incorporation  in  LALE  as  well  as  in 
MOCVD. 

The  influence  of  growth  conditions  on  material  qual¬ 
ity  is  studied  by  observing  the  change  in  the  PL 
efficiency  of  the  same  DH  structures  grown  by  LALE 
under  different  conditions.  The  results  are  summarized 
in  Table  1.  First,  we  see  that  the  PL  efficiency  is 
improved  by  using  higher  laser  intensity.  It  should  be 
noted  here  that  both  intensities  listed  are  within  the 
intensity  window  for  monolayer  self-limiting  growth. 
The  use  of  multiple  pulses  is  also  seen  to  improve  the 
PL  efficiency.  Although  the  second  pulse  is  triggered 
0.5  s  after  the  cut-off  of  the  first  pulse  and  therefore  is 
still  overlapping  with  the  1.5  s  TEGa  injection  pulse,  it 


TABLE  1 .  The  influence  of  growth  parameters  on  the  photolumines¬ 
cence  efficiency 


Growth  Parameters 

Effect  on  PL  Efficiency 

Laser  Intensity 
(76  =>  119  W/cm2) 

Improved 

Number  of  Pulses 
(0.1  =>  2x0.1  s) 

Improved 

TEGa  Exposure 
(0.45  =>1.3  nmol) 

Reduced 
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causes  no  additional  thickness  increase  exceeding 
1  ML  cycle" k  Furthermore,  the  PL  efficiency  is  reduced 
with  increasing  TEGa  exposure  despite  the  fact  that 
1  ML  cycle  is  obtained  by  virtue  of  the  self-limiting 
behavior.  This  suggests  that  the  ranges  of  TEGa  expo¬ 
sure  for  material  of  good  quality  are  narrower  than 
those  for  obtaining  monolayer  self-limiting  LALE 
growth. 

The  material  characterization  data  presented  above 
suggest  the  suitability  of  the  quality  of  the  GaAs  mate¬ 
rial  grown  by  LALE  and  the  interfaces  from  hybridized 
growth  for  device  application.  We  incorporated  a  single 
quantum  well  (QW)  of  size  100  A  grown  by  LALE 
using  TEGa  into  the  graded  index  separate  confinement 
heterostructure  (GRINSCH)  laser  structures.  To  ex¬ 
ploit  fully  the  strength  of  LALE  for  in  situ  fabrication, 
we  have  also  employed  Zn-doped  p^-GaAs  (200  A 
thick)  as  the  topmost  layer  to  facilitate  the  alignment  in 
locating  the  LALE  QW  region  during  device  processing 
while  providing  good  ohmic  contact  between  the  metal 
electrodes  and  the  semiconductor.  The  whole  device 
structure  was  formed  in  a  single  run  with  four  tempera¬ 
ture  steps.  The  lower  cladding  layers  (the  n  side)  of  the 
structure  were  grown  first  at  750  °C  by  conventional 
MOCVD.  The  substrate  temperature  was  then  reduced 
to  330  °C  to  carry  out  the  LALE.  The  top  cladding 
layers  (the  p  side)  were  again  grown  at  750  °C.  The 
LALE  doping  was  carried  out  at  330  °C  with  the  simul¬ 
taneous  injection  of  TEGa  and  diethylzinc.  The  devices 
were  tested  at  room  temperature  with  no  deliberate  heat 
sinking  under  pulsed  conditions  at  a  10  kHz  repetition 
rate.  The  device  quality  of  the  material  and  interfaces 
grown  by  LALE  using  TEGa  is  demonstrated  for  the 
first  time  with  a  threshold  current  density  as  low  as 
544  A  cm”^  for  a  cavity  length  of  570  pm. 


4.  Discussion 

The  laser  intensity  dependence  of  LALE  growth  rate 
shown  in  Fig.  2  for  TEGa  is  similar  to  that  for  TMGa 
[9]  except  that  the  threshold  intensity  for  obtaining 
1  ML  cycle" ^  is  much  (about  an  order  of  magnitude) 
lower.  At  such  a  low  laser  intensity  as  around 
100  W  cm"^,  laser  induced  heating  is  negligible.  The 
contribution  to  LALE  from  localized  heating  can  be 
ignored.  Two  other  mechanisms  are  the  surface  photo¬ 
chemical  reaction  and  the  photocatalytic  reaction.  In  a 
surface  photochemical  reaction,  the  molecular  orbitals 
of  the  surface  adsorbates  are  so  modified  that  their 
absorption  edge  is  shifted  towards  lower  photon  energy 
than  that  of  the  free  molecules.  For  a  purely  single-pho¬ 
ton  event,  the  photons  required  to  produce  just  1  ML 
of  surface  Ga  species  should  be  a  constant  independent 
of  the  manner  with  which  the  photons  are  delivered. 


This  is  not  the  case  as  has  been  shown  in  Fig.  3.  More 
photons  are  used  to  produce  1  ML  of  surface  Ga 
species  when  they  are  delivered  at  lower  intensity  for  a 
longer  time.  In  a  photocatalytic  reaction,  the  surface 
electronic  states  of  the  semiconductor  are  so  modified 
that  the  surface  provides  one  or  more  reaction  path- 
way(s)  for  the  reacting  molecules  to  pass  at  a  reduced 
energy  barrier.  By  using  an  AlAs  top  layer  to  isolate  the 
photocatalytic  effect  due  to  laser-induced  charge  trans¬ 
fer,  Meguro  and  Aoyagi  [10]  showed  that  LALE  can  be 
initiated  by  the  direct  absorption  of  photons  by  the 
chemisorbed  alkylgallium.  In  a  more  general  case,  both 
effects  may  be  present  as  soon  as  the  LALE  GaAs 
becomes  thick  enough. 

The  reduction  in  C  incorporation  in  the  GaAs  film 
grown  by  LALE  using  TEGa  relative  to  that  using 
TMGa  is  a  result  of  different  reaction  mechanisms.  The 
details  of  TEGa  and  TMGa  decomposition  on  GaAs 
surfaces  are  still  being  developed.  A  comparison  can  be 
made  only  by  inferring  the  mechanism  from  their  gas 
phase  decomposition  behavior.  One  of  the  expected 
decomposition  products  from  TEGa  is  C2H4  as  op¬ 
posed  to  a  radical  CH3  in  the  case  of  TMGa.  The  stable 
C2H4  is  much  less  reactive  and  less  likely  to  be  involved 
in  processes  resulting  in  C  incorporation.  The  P-elimi- 
nation  model  of  TEGa  decomposition  leads  to  Ga 
species  free  of  C.  This  is  another  advantage  of  using 
TEGa  in  LALE.  However,  because  of  the  low  stability 
of  TEGa,  the  substrate  temperature  must  be  low  in 
order  to  avoid  homogeneous  decomposition  and  to 
obtain  selective  area  growth.  This  low  substrate  temper¬ 
ature  may  eventually  become  the  limiting  factor  for 
achieving  higher  quality  materials. 

Both  an  increase  in  laser  intensity  and  the  use  of 
additional  laser  pulses  increase  the  number  of  photons 
irradiating  the  surface  in  each  cycle.  The  excess  pho¬ 
tons,  although  not  inducing  further  deposition  in  excess 
of  1  ML  cycle"',  are  shown  to  be  effective  in  improving 
the  PL  efficiency  of  the  GaAs  by  LALE.  The  detailed 
mechanism  for  such  improvement  is  not  understood, 
possibly  because  of  enhanced  surface  species  mobility 
that  promotes  perfect  lattice  site  registry.  Excess  TEGa 
exposure  on  the  contrary  causes  not  only  more  C  to  be 
trapped  in  the  film  but  also  more  defects  that  act  as  the 
non-radiative  recombination  centers.  More  work  is 
needed  to  unravel  the  nature  of  the  defects. 


5.  Conclusions 

LALE  using  TEGa  and  ASH3  as  precursors  is  stud¬ 
ied.  It  is  found  that  much  lower  intensity  is  required  to 
achieve  monolayer  self-limiting  LALE  growth  in  this 
case  than  that  using  TMGa.  Because  of  the  reduced 
heating  effect  at  low  intensity,  LALE  using  TEGa 
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results  in  an  abrupt  lateral  transition  in  selective  area 
growth.  From  the  fact  that  the  threshold  energy  flux  is 
dependent  on  the  illumination  time,  it  is  suggested  that 
the  process  is  more  complex  than  a  surface  photochem¬ 
ical  reaction  through  single-photon  events. 

GaAs  grown  by  LALE  using  TEGa  exhibits  low  C 
contamination  with  a  background  hole  concentration  as 
low  as  4  X  10^^  cm“^  It  can  also  be  suggested  according 
to  this  study  that  GaAs  material  of  better  optical 
quality  can  be  obtained  with  reasonably  low  TEGa 
exposure,  suitably  intense  laser  illumination,  and  the 
use  of  multiple  laser  pulses.  The  device  quality  of  the 
GaAs  and  the  interfaces  is  demonstrated  for  the  first 
time  by  the  successful  fabrication  of  broad  area  GRIN- 
SCH  laser  diodes  with  the  single  QW  grown  by  LALE 
using  TEGa.  A  threshold  current  density  as  low  as 
544  A  cm“^  is  obtained  from  a  570  pm  long  device.  The 
versatility  of  LALE  for  in  situ  processing  is  also  ex¬ 
plored  by  employing  Zn-doped  p'^-GaAs  as  the  top¬ 
most  layer,  serving  the  purpose  of  precise  alignment 
and  ohmic  contact. 
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Abstract 

A  subtraction  process  of  atomic  layer  manipulation  was  achieved  in  GaAs  by  alternately  feeding  an  etchant  of  Cl 
and  applying  a  low  energy  Ar  ion  beam  to  the  GaAs  substrate.  The  etching  rate  saturates  exactly  at  one  molecular 
layer  per‘  cycle  and  is  independent  of  etchant  feeding  rate  and  the  energetic  ion  beam  flux.  The  etched  profile  is 
extremely  smooth  and  the  number  of  defects  induced  by  the  etching  is  very  small  in  comparison  with  that  of 
conventional  etching  techniques. 


1.  Introduction 

Atom  manipulation,  that  is,  removal  and/or  addition 
of  any  atom  from  or  on  a  substrate,  has  recently 
become  possible  by  scanning  tunnelling  microscopy. 
This  atom  manipulation  makes  it  possible  to  fabricate 
atomic  scale  devices  and  to  observe  new  phenomena  in 
the  artificially  manipulated  materials.  In  the  same  sense 
it  is  possible  to  have  a  concept  of  atomic  layer  manipu¬ 
lation,  removal  and/or  addition  of  any  atomic  layer 
from  or  on  a  substrate.  This  atomic  layer  manipulation 
makes  it  possible  to  fabricate  new  artificial  materials  in 
a  selected  area  which  have  different  components  in  each 
atomic  layer.  In  achieving  atomic  layer  manipulation,  a 
self-limited  layer-by-layer  process  is  indispensable. 

The  atomic  layer  epitaxy  technique  developed  re¬ 
cently  {e.g,  ref.  1)  is  an  additive  process  of  atomic  layers 
on  substrates  with  a  self-limiting  mechanism.  To  realize 
atomic  layer  manipulation  we  must  have  available  a 
technique  of  layer-by-layer  subtraction  (etching)  from 
the  substrate  with  a  self-limiting  mechanism. 

This  self-limiting  etching  stops  automatically  after 
exactly  one  molecular  layer  has  been  etched  from  the 
substrate,  and  the  etch  rate  is  independent  of  etching 
parameters  such  as  feeding  rate  of  etchant  and  flux  of 
the  energetic  beam  used  to  assist  the  etching.  The 
etched  depth  is  exactly  proportional  to  the  number  of 
cycles  of  the  etching  procedure  necessary  to  achieve  1 
monolayer  etching  (one  molecular  layer  per  cycle).  The 


layer-by-layer  subtraction  may  make  it  possible  to  etch 
down  the  quantum  well  with  a  remaining  thickness  of  1 
or  2  monolayers  and  may  flatten  the  substrate  in  the 
atomic  scale. 

In  this  paper  a  subtraction  process  of  atomic  layer 
manipulation,  that  is  ideal  molecular  layer  etching 
(MLE)  with  self-limiting  at  one  monomolecular  layer, 
is  reported,  in  which  the  etching  rate  saturates  at  one 
molecular  layer  per  cycle  as  a  function  of  the  etchant 
feeding  rate  and  incident  energetic  beam  flux.  The 
characteristics  of  the  etched  surface  are  also  examined. 


2.  Experimental  procedure 

In  our  experiment,  an  ultrahigh  vacuum  electron 
cyclotron  resonance  (ECR)  plasma  system  coupled 
to  an  X-ray  photoemission  spectroscopy  (XPS)  analy¬ 
ser  was  used  as  shown  in  Fig.  1.  The  ECR  system 
with  a  background  pressure  of  5  x  10“^Torr  allows  us 
to  transfer  the  sample  in  vacuum  directly  from  the 
ECR  etching  chamber  to  the  XPS  chamber,  and  to 
analyse  the  surface  without  any  exposure  to  air.  A 
continuous  ECR  discharge  is  maintained  during  the 
experiment  by  introducing  Ar  gas  into  the  ECR  dis¬ 
charge  chamber.  CI2  gas  from  a  mass  flow  controller  is 
introduced  into  the  discharge  chamber  through  a  vent- 
and-run  system  for  keeping  pressure  balance  in  the 
chamber. 
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The  time  sequences  and  schematic  model  of  MLE  are 
described  in  Fig.  2.  After  CI2  gas  is  fed  into  the  discharge 
chamber  and  a  purging  interval  for  excess  CI2,  a  bias 
voltage  is  applied  to  the  substrate.  While  the  CI2  gas  is 
fed  into  the  discharge  chamber.  Cl  radicals  are  generated 
in  the  chamber  and  diffuse  to  the  sample  surface.  After 
purging,  monolayer  adsorption  of  Cl  radicals  is  achieved 
as  shown  schematically  in  Fig.  2. 

By  applying  a  voltage  of  20  eV  to  the  sample  holder, 
a  low  energy  Ar  ion  beam  is  extracted  from  the  discharge 
chamber  and  irradiates  the  sample  surface,  breaking  the 
back  bond  of  every  surface  atom  (sub~surface  Ga-As 
bond)  that  Cl  has  adsorbed  to.  Ga-Cl  compounds  are 
released  from  the  surface  by  the  beam  irradiation,  and 
monolayer  etching  is  completed  after  the  purging  of 


Ar  Plasma 


CI2  Gas 


feed 

vent 


Ga 

As 


these  compounds.  It  was  confirmed  that  the  ion  current 
to  the  sample  holder  without  the  acceleration  voltage 
was  negligibly  small  in  this  system. 

The  acceleration  voltage  of  20  eV  was  chosen  so  as 
not  to  induce  physical  etching  by  the  Ar  ion  beam 
irradiation.  It  was  confirmed  that  no  etching  occurs 
without  the  acceleration  voltage  with  continuous  CI2 
feeding,  and  with  an  acceleration  voltage  without  Cl 
feeding. 

Samples  used  were  n-type  GaAs(lOO)  with  carrier 
concentrations  of  5xl0‘^cm“^  and  covered  with 
10  pm  line  and  space  Ni  masks  used  for  estimating  the 
etching  depth.  Before  etching  was  started,  the  oxide 
layer  of  the  GaAs  surface  was  chemically  removed  and 
slightly  pre-sputtered  by  a  continuous  Ar  ion  beam  with 
an  acceleration  energy  of  50  eV.  It  is  confirmed  by  XPS 
measurement  that  the  oxide  layer  is  completely  re¬ 
moved  from  the  surface  before  the  etching  starts. 

The  etching  depth  is  observed  by  using  a  Dektak 
mechanical  stylus  with  an  experimental  error  of  about 
+  10  A.  The  etching  rate  per  cycle  is  determined  by 
dividing  the  etching  depth  by  the  number  (60)  of  etch¬ 
ing  cycles.  The  depth  of  etching  caused  by  pre-sputter- 
ing  of  the  oxide  layer,  which  is  determined  from  depth 
measurements,  is  subtracted  from  the  measurement. 


3.  Results  and  discussion 

In  achieving  the  monomolecular  layer  etching  condi¬ 
tion,  it  was  found  that  the  use  of  a  monolayer  adsorp¬ 
tion  condition  of  the  Cl  radicals  on  the  GaAs  surface 
was  absolutely  necessary. 

From  an  analysis  of  the  Cl(2p)  XPS  intensity,  the 
coverage  of  Cl  on  the  GaAs  substrate  can  be  deter¬ 
mined  [2].  Figure  3  shows  the  amount  of  Cl  adsorption 
on  the  GaAs  surface  determined  by  XPS  analysis  as  a 
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Fig.  2.  Time  sequences  of  gas  feed,  purging  and  sample  biasing  for 
MLE  and  conceptional  view  of  the  procedure  of  MLE. 


Fig.  3.  Cl  radical  adsorption  on  GaAs  surface  determined  by  XPS  as 
a  function  of  Cb  gas  feeding  time. 
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Fig.  4.  XPS  intensity  of  adsorbed  Cl  as  a  function  of  time. 

function  of  CI2  gas  feeding  time  into  the  discharge 
chamber.  From  this  figure,  it  is  clear  that  Cl  adsorption 
saturates  at  1  monolayer  for  feeding  times  between  7 
and  15  s.  To  obtain  monolayer  etching,  the  monolayer 
adsorption  condition  shown  in  this  figure  should  be 
used.  In  our  experiment,  a  10  s  feeding  time  of  CI2  was 
used. 

It  is  confirmed  that  the  adsorbed  Cl  radical  on  the 
sample  is  very  stable  as  shown  in  Fig.  4.  No  change  in 
the  Cl(2p)  XPS  signal  intensity  is  observed  even  after 
the  sample  has  been  kept  in  vacuum  for  20  h. 

Figure  5  shows  the  etching  rate  as  a  function  of  CI2 
feeding  time  with  a  sequence  of  100  s  for  the  purging 
time  and  successive  20  s  Ar  ion  irradiations  with  an 
energy  of  20  eV.  The  etching  rate  clearly  saturates  at 
one  molecular  layer  per  cycle  for  feeding  times  between 
5  and  15  s. 

For  feeding  rates  larger  than  20  s,  the  etching  rate 
decreased  and  had  a  strong  correlation  with  the  thick¬ 
ness  of  adsorbed  Cl  atoms  on  the  GaAs  surface.  It  is 
clear  that  1  monolayer  etching  is  achieved  for  the  1 


Fig.  6.  Etching  rate  of  GaAs  as  a  function  of  irradiation  time  of  the 
Ar  ion  beam. 

monolayer  adsorption  condition  of  Cl.  Under  a  multi¬ 
ple  layer  adsorption  condition  of  Cl,  the  etching  rate 
decreased.  This  result  seems  to  be  due  to  a  stopping 
effect  on  Ar  ion  penetration  by  the  multiple  layer 
absorption  of  Cl  atoms. 

Figure  6  shows  the  etching  rate  of  GaAs  as  a  func¬ 
tion  of  irradiation  time  of  the  Ar  ion  beam.  As  shown 
in  this  figure,  the  etching  rate  per  cycle  is  independent 
of  the  irradiation  time  and  saturates  at  a  value  of  one 
molecular  layer  per  cycle.  Figure  7  shows  a  typical 
etching  profile  of  MLE  compared  with  normal  reactive 
ion  etching.  The  etched  profile  is  very  smooth  and  flat 
in  the  case  of  MLE  but  some  roughness  is  observed  in 
the  case  of  conventional  etching.  This  result  shows  that 
MLE  is  advantageous  for  obtaining  a  flat  profile. 


Fig.  7.  Etched  profile  by  (a)  MLE  and  (b)  normal  reactive  etching. 
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Fig.  8.  DLTS  spectra  of  GaAs:  spectrum  A,  control  sample,  n  type, 
5.0  X  10’^  cm"^;  spectra  B  and  C,  samples  etched  by  conventional 
reactive  ion  beam  etching  with  energy  of  20  eV  (spectrum  B)  and 
MLE  (60  cycles)  (spectrum  C). 


Figure  8  shows  the  deep  level  transient  spectroscopy 
(DLTS)  spectrum  of  an  MLE  sample  (spectrum  C)  in 
comparison  with  that  of  a  control  sample  (spectrum  A) 
and  that  of  the  sample  (spectrum  B)  etched  by  conven¬ 
tional  Cl  reactive  ion  etching  with  an  ion  energy  of 
20  eV.  Peaks  EL-2  and  EL-3  are  due  to  intrinsic  defects 
and  their  intensities  are  sample  dependent.  The  EL-3 
signal  corresponds  to  some  defects  induced  during  the 
etching.  In  conventional  etching,  the  EL-3  peak  is 
observed  clearly  but  is  very  weak  in  the  case  of  MLE. 
Figure  9  shows  the  photoluminescence  intensity  of  an 


CI2  Feeding  Time  (s) 


Fig.  9.  Photoluminescence  intensity  of  the  sample  etched  by  MLE  as 
a  function  of  the  Cb  feeding  time. 

etched  sample  normalized  by  the  intensity  of  the  con¬ 
trol  sample  observed  at  liquid  N2  temperature  as  a 
function  of  CI2  feeding  time.  The  intensity  is  almost 
equal  to  that  of  the  control  sample.  These  results  show 
that  MLE  is  a  damage-free  process  in  contrast  to  the 
conventional  processes. 

4.  Conclusions 

MLE  is  achieved  as  a  subtraction  process  of  atomic 
layer  manipulation.  It  is  emphasized  that  monomolecu- 
lar  layer  self-limiting  etching  of  GaAs  can  be  achieved 
under  monolayer  adsorption  conditions  of  Cl.  The  etch¬ 
ing  is  independent  of  both  the  feeding  time  of  CI2  and 
the  exposure  time  of  the  energetic  Ar  ion  beam.  The 
profile  of  the  GaAs  surface  etched  by  the  MLE  tech¬ 
nique  is  very  smooth  and  less  damage  is  induced  in 
comparison  with  conventional  etching  techniques.  This 
layer-by-layer  self-limiting  etching  technique  makes 
atomic  layer  manipulation  possible  in  conjunction  with 
atomic  layer  epitaxy. 
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Abstract 

For  the  goal  of  damage-free  microfabrication,  digital  etching  in  which  one  or  a  few  atomic  layers  are  removed  with 
minimum  reaction  energy  has  been  studied.  The  atomic  layer  etching  of  Si(lOO)  was  achieved  by  the  precise  control 
of  F  atom  adsorption.  To  evaluate  sidewall  etching  damage,  conductance  for  lines  fabricated  on  SIMOX  was 
measured  at  4.2  K.  Lines  fabricated  by  the  digital  method  exhibited  no  appreciable  damage,  contrary  to  the  0.2  pm 
line  fabricated  by  magnetron  reactive  ion  etching.  In  a  0.1  pm  line  subjected  partly  to  an  exposure  of  hydrogen 
plasma,  non-linearity  in  the  /- F  relationship  was  observed  at  4.2  K.  The  fabrication  of  Si  dots  with  20-100  nm 
diameter  was  successfully  achieved  by  both  an  adequate  electron  beam  dose  and  Ar'*'  irradiation  time.  Photolu¬ 
minescence  measurements  revealed  that  a  significant  plastic  deformation  was  generated  in  oxidized  Si  dots  on 
SIMOX  Substrate. 


1.  Introduction 

There  has  been  a  great  deal  of  elfort  expended  on 
basic  researches  in  nano-scaled  Si  devices  beyond 
present  Si  ultralarge-scale  integration  circuits.  Micro¬ 
fabrication  of  such  devices  requires  higher  energy  sys¬ 
tems  in  both  lithography  and  etching  to  achieve  high 
resolution.  In  particular,  reactive  ion  etching  (RIE) 
which  employs  energetic  ions  causes  a  variety  of  dam¬ 
age  to  irradiated  surfaces  as  well  as  side  walls.  The 
etching  occurs  fundamentally  by  three  simultaneous 
processes:  (1)  chemisorption  or  physisorption  of  reac¬ 
tive  gas  such  as  F  or  Cl  on  the  surface,  (2)  energetic 
beam  (e.g.  ion,  photon,  electron)  induced  reaction  be¬ 
tween  adsorbates  and  the  surface  and  (3)  the  desorption 
of  the  reaction  products.  For  the  goal  of  damage-free 
reaction,  digital  etching  which  is  carried  out  layer  by 
layer  by  repeating  the  fundamental  three  processes  at 
atomic  level  with  a  minimum  energy  has  been  studied 
[1,  2].  In  this  paper,  a  study  of  the  F-Si  surface 
reaction  in  digital  etching  is  reported  briefly,  and  the 
fabrication  of  fine  Si  wires  and  dots  employing  this 
method  as  well  as  an  electrical  and  optical  evaluation 
are  described. 


2.  Digital  etching 

Details  of  the  digital  etching  have  been  reported  in 
ref.  2.  To  realize  low  energy  Si  etching,  the  chemistry  of 
F  with  the  highest  electronegativity  was  employed.  Fig¬ 
ure  1  shows  the  experimental  set-up.  A  Si(lOO)  wafer 
was  attached  on  a  rotatable  disk  in  a  vacuum  chamber 
through  a  load-lock  system.  First,  F  atoms  which  are 


generated  by  a  remote  microwave  discharge  of 
He^5%-0.2%F2  in  an  AljOj  tube  adsorb  on  a  cooled 
Si  substrate.  The  exposure  time  was  fixed  at  1  s.  The 
adsorption  chamber  was  differentially  exhausted.  The  Si 
substrate  was  cooled  down  to  —  1 10  °C  at  which  the 
spontaneous  reaction  hardly  occurs.  After  fluorine  ex¬ 
posure,  the  Si  wafer  was  transferred  to  another  cham¬ 
ber  by  rotating  the  substrate  table.  Next,  the  surface 
was  irradiated  with  Ar+  ions  produced  by  a  down¬ 
stream  electron  cyclotron  resonance  (ECR)  plasma  at 
a  pressure  of  1  x  10“^  Torr,  promoting  the  desorption 
of  the  reaction  products.  The  Ar+  ion  energy  was 
estimated  to  be  20  eV  by  the  probe  measurement,  and 
the  measured  physical  sputtering  rate  of  Si  was 
9.5  X  10"^  A  s"'.  Digital  etch  rates  of  Si  with  S^/oF^-He 
and  0.2%F2-He  are  shown  in  Fig.  2  as  a  function  of 
the  Ar+  ion  irradiation  time,  where  the  digital  etch  rate 
is  defined  as  the  total  etched  depth  divided  by  the 
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Fig.  1.  Schematic  illustration  of  the  digital  etching  method. 
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Ai+  irradiation  time  (sec.) 

Fig.  2.  Digital  etch  rate  of  Si  with  F  atoms  vs.  Ar"^  ion  irradiation 
time  for  a  remote  plasma  of  F2-He.  Two  cases  of  5%F2-He  and 
0.2%F2-He  at  a  pressure  of  1.5  x  10“^  Torr  are  shown.  The  substrate 
temperature  was  —  1 10  '’C. 

number  of  cycles.  The  etch  rate  first  increases  and  then 
reaches  a  plateau  region  with  an  increase  in  Ar+  ion 
irradiation  time.  The  saturated  etch  rate  is  5.7  A  cycle 
for  5%F2-He  at  a  pressure  of  1.5  x  10“^  Torr.  It 
should  be  noted  that  the  etching  of  just  one  atomic 
layer  of  Si(  100)  takes  place  in  the  discharge  of  0.2%F2- 
He  and  the  adsorption  of  a  trace  amount  of  F  atoms 
(0.2%)  can  lead  to  its  monolayer  reaction  with  the  Si 
surface  atoms.  However,  this  results  indicates  that  self- 
limiting  characteristics  in  which  the  etch  rate  is  inde¬ 
pendent  of  parameters  such  as  ion  energy  and  flow  rate 
are  difficult  to  achieve  in  the  case  of  F  chemistry.  In  the 
case  of  Cl  chemistry,  one  Cl  atom  combines  with  one 
dangling  bond  of  Si(lOO),  but  the  residual  oxygen 
present  at  the  ultimate  pressure  of  5  x  10“^  Torr  oxi¬ 
dized  the  Si  surface  after  removal  of  the  Si- Cl  layer, 
thereby  reducing  the  digital  etch  rate  [2]. 

In  order  to  enhance  the  very  low  Si  digital  etch  rate, 
the  reaction  chamber  was  irradiated  by  a  low  pressure 
Hg  lamp  to  promote  the  F-Si  reaction.  Nevertheless, 
the  digital  etch  rate  decreased  with  Hg  lamp  irradiation 
time  [2].  This  implied  that  the  253.7  nm  (about  5  eV) 


photon  from  the  lamp  desorbed  the  adsorbed  fluorine 
species  from  the  Si  surface.  In  other  words,  F  is.  not  in 
a  chemisorbed  state  but  rather  in  a  physisorbed  state  on 
the  cooled  Si  surface.  As  soon  as  F  atoms  adsorb  on 
the  Si  surface,  they  are  likely  to  be  recombined  through 
a  three-body  process  to  produce  condensed  molecular 
fluorine.  Accordingly,  the  etching  occurs  only  when 
ions  impinge  onto  the  physisorbed  F  on  Si  through 
ion-induced  F-Si  reactions.  Hence,  in  the  plateau  re¬ 
gion  in  Fig.  2,  after  a  certain  amount  of  F2  was 
consumed  by  reaction  with  Si,  the  Si  etching  was 
stopped. 

3.  Damage  evaluation  of  fine  Si  lines 

Side  wall  damage  of  the  etched  fine  Si  lines  was 
evaluated.  For  this  purpose,  heavily  P-doped  (2  x 
10^^  cm~^)  SIMOX  (separation  by  implanted  oxygen) 
substrates  (Si(  1000  A)/Si02(5000  A)/Si)  were  used.  Elec¬ 
tron  beam  (EB)  lithography  (JEOL  JBX  5D-II)  with 
chemical  amplification  resist  (Shipley  SAL  601)  was 
used  for  the  delineation  of  fine  wires. 

Firstly,  a  relationship  between  conductance  and  wire 
width  was  measured  for  wires  fabricated  with  digital 
etching  or  magnetron  RIE  (MRIE)  employing  CI2  at  an 
r.f.  power  of  0.4  W  and  a  self-bias  Foe  =  — 120  V.  The 
conductance  at  room  temperature  (RT;  20  °C)  linearly 
decreased  with  narrowing  wire  width  for  both  cases  in 
the  width  range  between  2000  nm  and  100  nm.  Thus  no 
etching  damage  was  detected  in  either  case  in  RT 
measurements.  Then,  low  temperature  conductance 
measurements  were  carried  out  for  each  case.  Tempera¬ 
ture  dependences  of  the  resistance  for  digital  etching 
and  MRIE  are  shown  in  Figs.  3(a)  and  3(b)  respec¬ 
tively.  The  tendency  of  the  resistance  to  decrease  with 
lowering  temperature  is  negligibly  small  in  the  case  of 
MRIE  at  a  wire  width  of  200  nm,  while  it  is  very  large 
for  the  500  nm  and  200  nm  wires  formed  by  digital 
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Fig.  3.  Temperature  dependence  of  wire 'resistance  for  varying  wire  width:  (a)  digital' etching;  (b)  RIE. 
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Fig.  4.  I~V  characteristics  of  a  100  nm  wire  partially  exposed  to  H2 
RIE  at  various  temperatures:  (a)  292  K;  (b)  90  K;  (c)  49.5  K;  (d) 
4.2  K. 


Fig.  5.  I-V  characteristics  of  a  100  nm  wire  without  H2  RIE  fabri¬ 
cated  by  digital  etching  at  292  K  and  4.2  K. 


detection  experiment  with  H  atoms  and  2  MeV  He 
ions  indicated  that  H  atoms  distributed  in  a  range  of  a 
few  tens  of  nanometres  from  the  surface.  The  H  atom 
was  reported  to  passivate  donor  impurities  [3],  so  that 
it  is  most  probable  that  an  n-n“-n  structure  was 
formed  in  the  100  nm  wire.  It  is  speculated  that  a 
potential  barrier  formed  at  the  interface  between  the  n 
region  and  the  n“  region  plays  an  essential  role  in  the 
non-linearity  of  the  /-  V  relationship. 

4.  Fabrication  of  fine  Si  dots 


etching.  This  indicates  that  the  effect  of  electron  scatter¬ 
ing  by  impurities  on  the  resistance  is  much  larger  in 
200  nm  wire  in  MRIE  than  in  other  cases,  and  it  is 
deduced  that  a  damaged  layer  was  formed  at  the  side 
wall  in  MRIE. 

Secondly,  the  effect  of  H2  RIE  was  investigated  by 
exposing  to  ions  a  part  of  200  pm  long  wires  which 
were  patterned  by  digital  etching.  Before  the  exposure 
to  ions,  the  whole  area  of  the  wire  was  covered  by 
a  photoresist,  and  a  20  pm  wide  window  was  opened  by 
the  photolithographic  technique.  Then,  the  sample  was 
exposed  to  H2  RIE  at  a  self-bias  Fdc=  —500  V  for 
10 min.  The  I-V  characteristics  for  the  100 nm  wire 
measured  at  various  temperatures  are  shown  in  Fig.  4. 
A  non-linear  I-  V  relation  was  found  at  low  tempera¬ 
ture  and  the  non-linearity  was  enhanced  with  decreas¬ 
ing  temperature  to  4,2  K,  while  a  linear  relation  was 
observed  at  RT.  On  the  contrary,  a  non-linear  be¬ 
haviour  was  not  observed  for  the  100  nm  wire  without 
H2  RIE  treatment  even  at  4.2  K  (Fig.  5).  The  200  nm 
wire  exposed  to  H2  RIE  did  not  exhibit  non-linear 
behaviour  either. 

These  results  strongly  suggest  that  some  damage  by 
ion  bombardment  was  induced  not  only  on  the 
surface  but  also  on  the  side  walls.  An  elastic  recoil 


Fine  Si  dots  were  fabricated  by  the  use  of  EB  litho¬ 
graphy  with  200  nm  thick  chemical  amplification  resist 
(SAL  601-ER7),  In  fabricating  40  nm  diameter  Si  dots, 
the  process  windows  of  Ar'^  ion  irradiation  time  for 
digital  etching  as  well  as  the  EB  dose  for  resist  pattern¬ 
ing  were  much  narrower  than  for  the  wire  cases.  A 
comparison  of  the  residual  thickness  of  resist  after 
digital  etching  between  100  nm  dots  and  wires  is  shown 
in  Fig.  6,  as  a  function  of  Ar^  ion  irradiation  time.  In 
the  case  of  dots,  resist  etching  was  enhanced  with  an 
increase  in  Ar+  ion  irradiation  time,  and  scarcely  any 
resist  remained  when  the  irradiation  time  exceeded  15  s. 


Fig,  6.  Relative  residual  resist  thickness  as  a  function  of  Ar  irradia¬ 
tion  time  in  digital  etching  for  dots  and  wires. 
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Fig.  7.  SEM  photograph  of  40  nm  dots  fabricated  by  digital  etching. 


Fig.  8.  SEM  photograph  of  fine  dots  thinned  by  oxidation  and 
subsequent  removal  of  Si02- 


On  the  contrary,  65%  resist  remained  even  after  30  s 
irradiation  in  the  case  of  wires.  The  difference  is  as¬ 
cribed  to  a  heating  effect  of  resist  dot  patterns  during 
Ar"^  ion  irradiation.  The  acceptable  range  of  EB  dose 
which  was  needed  for  the  patterning  of  an  isolated  dot 
with  a  steep  side  wall  was  26 — 28  pC.  When  the  EB 
dose  was  less  than  25  pC,  delineated  dots  fell  down,  and 
the  bases  of  the  dots  crossed  each  other  owing  to  a 
backscattered  electron  proximity  effect  when  the  EB 
dose  was  more  than  30  pC. 

Thus,  fine  Si  dot  patterns  with  an  average  size  of 
40  nm  were  successfully  fabricated;  a  typical  scanning 
electron  microscopy  (SEM)  microphotograph  is  shown 
in  Fig.  7.  In  order  to  fabricate  even  finer  dots,  dry 
oxidation  of  Si  and  subsequent  removal  of  Si02  by  HE 
wet  etching  were  investigated,  and  finer  dots  between 
10  nm  and  20  nm  could  be  formed  (Fig.  8). 

Photoluminescence  (PL)  measurements  were  carried 
out  for  these  Si  dots  by  the  use  of  the  Ar"^  ion  laser 
514.5  nm  excitation  line  at  11  K.  A  peak  at  1130  nm 
(Xjo)  corresponding  to  bulk  free  excitonic  recombina¬ 
tion  was  observed  in  40  nm  diamter  dots.  However, 
after  dry  oxidation  at  950  X  for  20  min,  a  significant 
reduction  in  the  1130  nm  peak  and  more  intense  peaks 
of  longer  wavelength  were  observed.  In  the  case  of  dots 
formed  on  the  SIMOX  substrate,  a  broad  peak  was 
observed  at  1330  nm  as  shown  in  Fig.  9(a).  On  the 
contrary,  an  intense  spectrum  consisting  of  1180  and 
1240  nm  peaks  was  observed  in  the  case  of  dots  formed 
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Fig.  9.  PL  spectra  for  Si  dots  after  oxidation  (900  °C,  20  min)  formed 
on  (a)  SIMOX  and  (b)  Si  substrates. 
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on  a  p-Si(lOO)  substrate  (see  Fig.  9(b)).  These  observa- 
tions  indicated  that  a  large  plastic  deformation  took 
place  during  thermal  oxidation,  since  peaks  at  1330  nm 
and  1240  nm  could  be  identified  as  D3  (1323  nm)  and 
D4  (1244nm)  emissions  of  relaxed  dislocations  [4,  5] 
respectively.  The  peak  at  1180  nm  (B)  is  identified 
as  transverse  optical  phonon  assisted  recombination 
radiation  by  B  [6],  and  it  suggested  that  a  large  accumu¬ 
lation  of  B  occurred  near  the  Si  surface  during  oxidation. 
These  emissions  indicative  of  plastic  deformation  were 
scarcely  observed  in  the  unpatterned  substrate  subjected 
to  oxidation.  A  generation  of  compressive  stress  in 
Si  due  to  volume  expansion  accompanied  by  Si  oxida¬ 
tion  is  well  known.  Concentration  of  the  stress  occurs 
at  a  curved  corner,  and  its  degree  is  enhanced  with 
decreasing  curvature.  Hence,  it  is  most  likely  that  an 
order  of  magnitude  larger  compressive  stress  was  gener¬ 
ated  in  50  nm  size  dots  than  in  bulk  material,  and 
it  caused  the  large  plastic  deformation.  The  reason 
for  the  difference  in  the  PL  spectrum  between  dots 
formed  on  SIMOX  and  p-Si  substrates  has  not  yet 
been  understood  clearly,  and  it  may  arise  from  a  differ¬ 
ence  in  dislocation  types.  A  large  accumulation  of  B 
as  indicated  by  the  llSOnm  peak  may  also  be  caused 
by  a  large  stress  gradient  generated  near  dots  during 
oxidation. 

After  the  removal  of  Si02  by  HF  wet  etching  and 
subsequent  annealing  (750  °C,  60  min,  N2),  drastic  re¬ 
ductions  in  D3  and  D4  peak  intensities  and  a  recovery 
of  the  free  excitonic  peak  at  1130  nm  were  observed  in 
dots  on  both  SIMOX  and  p-Si  substrates,  as  shown  in 
Figs.  10(a)  and  10(b)  respectively. 

The  quantum  confined  size  effect  in  the  PL  spectrum 
has  been  observed  in  porous  Si  [7, 8]  and  microcrystalline 
Si:H  [9].  Although  a  quantum  size  effect  has  not  yet  been 
observed,  our  study  would  be  the  first  attempt  to  fabricate 
Si  nanometre  dots  by  lithographic  techniques  and  dry 
etching.  The  reported  size  of  microcrystalline  Si:H  was 
2.0-3.0  nm,  which  was  much  smaller  than  the  Si  dots  of 
the  present  study.  Theoretical  work  on  the  three-dimen¬ 
sional  size  effect  on  excitons  by  Kayanuma  [10]  predicted 
that  the  energy  level  shift  from  bulk  value  became 
apparent  when  the  dot  size  is  smaller  than  2-3  Bohr  radii 

of  the  bulk  free  exciton  {R^  is  about  5.0  nm  for  Si  [11]), 
so  that  the  dots  of  the  present  work  should  be  of  a 
marginal  size  to  exhibit  the  quantum  size  effect, 

A  broad  peak  in  the  PL  at  around  1004  nm  was  several 
times  observed  in  our  experiments  by  the  excitation  of 
Ar  (514.5  nm)  and/or  Ar  (488  nm)  lines;  however,  the 
reproducibility  of  measurements  was  not  sufficiently 
good.  A  little  surface  contamination  might  delicately 
affect  PL  properties.  By  fabrication  of  finer  dots,  less  than 
10  nm,  with  a  careful  control  of  oxidation  and  a  thorough 
annealing  out  of  dislocations,  the  quantum  confined 
effect  in  the  dots  should  be  observable. 
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Fig.  10.  PL  spectra  for  Si  dots  after  removal  of  oxide  and  subsequent 
annealing  (700  °C,  60  min). 

5.  Conclusions 

For  damage-free  microfabrication,  digital  etching 
was  studied.  There  was  no  discernible  damage  in  wires 
fabricated  by  digital  etching,  while  damage  was  de¬ 
tected  in  MRIE  by  the  low  temperature  conductance 
measurement.  A  non-linear  I-V  relationship  was  ob¬ 
served  at  low  temperature  for  a  100  nm  wire  which  was 
partly  irradiated  by  H2  RIE.  The  fabrication  of  40  nm 
Si  dots  was  carried  out  by  digital  etching,  and  they  were 
thinned  to  20  nm  by  the  oxidation  technique.  Consider¬ 
able  dislocation  generation  was  observed  in  the  PL 
spectrum  for  the  dots  owing  to  oxidation.  Sweep  out  is 
possible  by  annealing  after  Si02  removal.  The  PL  spec- 
turn  of  fine  Si  dots  less  than  40  nm  in  diameter  exhib¬ 
ited  a  peak  at  1004  nm,  indicative  of  a  quantum 
confined  effect.  However,  the  reproducibility  was  poor. 
Efforts  to  find  the  quantum  effect  by  reducing  dot  size 
will  be  made  in  the  future. 
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Abstract 

The  atomic  layer  epitaxy  (ALE)  technique  has  in  ten  years  established  a  position  as  one  of  the  methods  capable  of 
controlled  processing  of  thin  films.  A  major  part  of  the  500  studies  published  has  dealt  with  II~VI  and  III-V 
semiconductors  and  with  insulating  or  conducting  oxides.  The  practically  unlimited  chemical  possibilities  of  ALE 
should  offer  possibilities  for  widening  the  scale  of  materials  processed  so  far.  In  addition  to  giving  a  status  report, 
in  this  review  we  discuss  some  obvious  future  research  trends  as  well  as  problems  involved  in  the  processing  of  new 
materials.  To  illustrate  the  difficulties  in  processing  thin  films  of  complicated  chemical  composition  the  case  of 
YBa2Cu3  07„^  is  presented 


1.  Introduction 

The  earliest  atomic  layer  epitaxy  (ALE)  publications 
from  the  period  of  the  late  1970s  to  early  1980s  demon¬ 
strated  the  basic  principle  of  ALE  by  describing  flow- 
type  reactor  constructions  [1,  2]  and  the  processing  of 
II -VI  semiconductor  thin  films  from  the  elements  and 
simple  inorganic  compounds  [3,  4].  The  original  im¬ 
petus  for  developing  ALE  was  the  need  for  a  better 
deposition  technique  in  the  fabrication  of  stable  thin 
films  for  large  area  thin  film  electroluminescent  (TFEL) 
devices.  As  an  a.c.-operated  TFEL  device  consists  of  a 
dielectric-phosphor-dielectric  stack  of  thin  films,  re¬ 
search  was  directed,  as  well  as  to  Il-VI-based  phos¬ 
phors  and  their  doping  {e.g,  ZnS:Mn^^,  SrS:Ce^^),  also 
to  the  processing  of  dielectric  films  (AI2O3,  Al-Ti 
oxide)  [5].  Another  area  where  ALE  research  has  been 
active  and  successful  since  the  middle  of  the  1980s 
involves  the  III-V  semiconductors  [6].  Several  aca¬ 
demic  and  industrial  groups  in  the  USA  and  Japan  are 
studying  the  processing  of  III-V  semiconductors  as 
shown  by  recent  conference  proceedings  [7,  8].  Almost 
exclusively,  ALE  research  has  dealt  with  gas  phase 
deposition  and  only  a  few  papers  on  liquid  phase  or 
electrochemical  ALE  have  been  published  [9,  10]. 

Altogether  some  500  publications  have  been  pub¬ 
lished  on  ALE  including  original  research  papers,  re¬ 
views,  patents  and  one  monograph[ll].  It  appears  that 
more  than  30  groups  are  actively  utilizing  the  ALE 
technique  for  thin  film  deposition.  After  an  exponential 
growth  in  1985-1988,  the  number  of  publications  has 
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TABLE  1 .  Atomic  layer  epitaxy  publications  in  the  past  year 


Topic 

Number  of  publications 

Ga  arsenide 

24 

Patents 

17 

Reviews 

15 

II -VI  compounds 

8 

III-V  superlattices, 
quantum  wells 

7 

Ternary  III-V  systems 

6 

Other  III-V 

5 

II -VI  superlattices 

4 

Superconductors 

3 

In  situ  diagnostics 

3 

AI  oxide 

2 

Electrochemical  ALE 

2 

Si 

1 

Total 

97 

Source:  Chemical  Abstracts  database  covering  Vols.  114-115  (1991). 


levelled  off  to  approximately  100  annually  (Fig.  1).  As 
shown  in  Table  1,  semiconductors,  especially  the  III-V 
compounds,  dominate  the  list  of  materials  with  amaz¬ 
ingly  low  activity  in  other  areas. 

In  the  following  the  chemical  opportunities  of  ALE 
are  discussed  with  regard  to  the  processing  of  new 
materials  and  material  combinations. 


2.  The  chemical  limits  of  atomic  layer  epitaxy 

The  ALE  process  is  mainly  a  chemical  process  [12] 
which  increases  in  complexity  with  the  increasing  bulki¬ 
ness  of  the  source  chemicals  undergoing  the  exchange 
reaction  or  sequence  of  reactions  leading  to  the  desired 
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thin  film  composition.  As  well  as  the  source  materials 
and  their  volatility  and  stability,  the  reaction  thermody¬ 
namics  and  kinetics  need  to  be  considered. 

2.1.  Source  materials 

Because  of  insufficient  vapour  pressure  at  the  ALE 
operating  temperature,  the  use  of  elements  as  source 
materials  is  limited  to  some  favourable  cases  such  as  Zn 
and  S  or  to  ultrahigh  vacuum  (UHV)  operating  condi¬ 
tions  (molecular  beam  epitaxy  in  ALE  mode)  where 
volatility  is  enhanced.  The  diatomic  gases  (H2,  O2,  N2) 
are  ineffective  towards  chemisorption  and  exchange  re¬ 
actions  but  may  be  activated  by  laser  and  plasma,  for 
instance.  On  the  contrary,  the  use  of  inorganic  com¬ 
pounds,  metal  complexes  with  organic  ligands  or  pure 
organometallics  (containing  a  metal -carbon  bond  by 
lUPAC  definition)  offers  nearly  endless  possibilities  for 
skilful  synthetic  chemists. 

As  to  the  inorganic  compounds,  the  halides  generally 
have  vapour  pressures  much  higher  than  the  corre¬ 
sponding  elements  [12].  This  is  true  particularly  for 
the  covalently  bound  halides  of  the  transition  metals. 
However,  even  the  halides  do  not  offer  suitable  starting 
materials  for  gas  phase  transport  in  the  case  of  rare 
earth  elements  where  the  fluorides,  chlorides  and  bro¬ 
mides  have  low  volatility  at  the  normally  used  growth 
temperatures  (below  700  °C)  and  the  iodides  are  not 
stable  enough.  The  covalently  bound  halides  of  the 
non-metals  such  as  SiCl4  are  also  problematic  but  for 
another  reason:  these  compounds  are  inert  owing  to  the 
strength  of  the  covalent  bond  between  the  non-metal 
and  the  halogen. 


Metal  complexes  with  organic  ligands  or  organo¬ 
metallics  usually  have  higher  vapour  pressures  but  this 
is  achieved  at  the  expense  of  their  thermal  stability. 
Trialkylgallium  compounds  are  organometallics  which 
have  an  established  position  as  GaAs  precursors  in 
both  the  chemical  vapour  deposition  (CVD)  and  the 
ALE  techniques.  As  to  metal  complexes,  the  P-diketo- 
nates  offer  a  possibility  to  volatilize  the  alkaline  earth 
and  rare  earth  metals.  The  synthetic  possibilities  have 
not  yet  been  fully  explored.  For  instance,  the  introduc¬ 
tion  of  F  atoms  into  the  p-diketonates  increases  the 
volatility.  In  the  1970s  these  complexes  were  extensively 
studied  in  connection  with  gas  chromatographic  separa¬ 
tion  and  determination  of  metals  and  this  literature 
offers  useful  hints  for  possible  precursors  and  their 
chemical  modifications  [13,  14];  useful  further  sources 
are  the  CVD  literature  [15,  16]  and  specialized  mono¬ 
graphs,  for  instance  metal  p-diketonates  are  discussed 
in  ref.  17. 

The  source  materials  may  introduce  impurities  into 
the  films.  In  the  case  of  metal  chlorides  it  has  been 
demonstrated  that  chlorine  residues  are  commonly  left 
and  these  may  be  detrimental  to  the  films  as  regards 
their  function  and  lifetime.  In  III-V  semiconductor 
films  prepared  by  metal -organic  ALE,  the  C  residues 
pose  a  serious  problem.  While  the  halide  residues  in 
thin  films  can  be  determined  quantitatively  at  the  parts 
per  million  level  by  etching  and  subsequent  spectropho¬ 
tometry  or  directly  after  quantification  by  secondary 
ion  mass  spectrometry  [18],  their  speciation  is  not 
straightforward.  There  are  chemical  reasons  to  believe 
that  in  the  case  of  alumina  films  produced  from  AICI3 


132 


L.  Niinisto,  M.  Leskeld  /  ALE:  a  review 


the  Cl  residues  are  associated  with  O,  forming  the 
AlOCl  and  related  phases  [19]. 

In  the  case  of  metal  complexes,  it  appears  that  one 
needs  also  to  consider  the  dilference  in  the  chemical 
affinity  (bond  strength)  between  the  metal  and  the 
ligand  donor  atom  in  the  precursor  molecule  and,  in 
addition,  that  between  the  metal  and  its  neighbour  in 
the  resulting  thin  film.  If  the  affinity  in  the  precursor 
molecule  is  large,  the  metal -donor  bond  is  not  (com¬ 
pletely)  broken  in  the  ALE  process  and  donor  atom 
residues  are  left  in  the  film.  This  may  explain  why,  for 
instance,  ZnS  films,  which  are  doped  wth  Tb^"^  using 
the  P-diketonate  complexes,  contain  O  in  the  environ¬ 
ment  of  terbium  as  revealed  by  extended  X-ray  absorp¬ 
tion  fine  structure  [20]. 

Finally,  a  precursor  property  which  requires  careful 
consideration  is  its  toxicity.  Many  of  the  existing  ALE 
reactors  are  non-commercial  and  lack  built-in  safety 
measures  such  as  containment  with  reduced  pressure 
and  continuous  monitoring  of  toxic  gases. 

2.2.  Reaction  mechanism  and  energetics 

The  ALE  process  can  be  most  simply  described  as 
being  based  on  the  difference  between  chemisorption 
and  physisorption  (adsorption).  The  true  situation  is 
more  complicated  and  various  surface  processes  such  as 
collisions,  bond  formation,  desorption,  surface  migra¬ 
tion  and  surface  reconstruction  take  place  before  the 
chemisorption  sites  representing  the  potential  energy 
wells  are  occupied.  However,  this  is  one  of  the  main 
advantages  of  ALE:  weak  bonds  are  eventually  elimi¬ 
nated  because  of  the  energy  minimum  requirements. 
Another  useful  model  to  describe  the  operating  condi¬ 
tions  of  the  process  is  the  concept  of  the  “ALE  win¬ 
dow”  [21]  (Fig.  2). 


Fig.  2.  The  concept  of  the  ALE  temperature  window  [21].  LI  and  L2 
refer  to  condensation  and  incomplete  reaction  while  HI  and  H2 
denote  decomposition  and  re-evaporation  respectively.  The  window 
indicates  the  temperature  range  where  self-controlled  layer-by-layer 
growth  takes  place. 


There  have  been  a  few  theoretical  approaches  to 
explain  the  surface  states  and  reaction  mechanisms  in  an 
ALE  process.  ZnS  provides  an  interesting  case  because 
experimental  data  on  growth  rates  as  well  as  on  surface 
and  gas  phase  compositions  are  available  for  compari¬ 
son.  On  the  basis  of  various  surface  models  and  experi¬ 
mental  data  on  the  uptake  and  release  of  the  reactant 
and  product  gases,  a  possible  reaction  pathway  has  been 

suggested  for  the  ALE  process  ZnCl2  +  H2S - > 

ZnS  -h  2HC1  [22,  23].  The  same  researchers  have  also 
studied  possible  ALE  processes  leading  to  the  formation 
of  silicon  from  silanes  and  chlorosilanes  [24].  In  spite  of 
the  interesting  results  obtained  by  Pakkanen  et  al.  it 
appears  that  the  practical  value  of  theoretical  studies  in 
predicting  actual  reaction  pathways  is  still  limited.  The 
ab  initio  valence  calculations  are  very  tedious  and  require 
compromises,  especially  when  heavier  atoms  are  in¬ 
volved.  Furthermore  the  choice  of  the  surface  model  is 
crucial  for  the  reliability  [23]. 

When  bulky  organometallics  or  metal  chelates  with 
organic  ligands  are  employed  as  starting  materials  the 
difficulties  in  elucidating  the  reaction  mechanisms,  ex¬ 
perimentally  or  theoretically,  are  almost  impossible  to 
overcome.  These  compounds  have  complicated  struc¬ 
tures  (Fig.  3)  and  they  may  decompose  and  recombine 
in  the  gas  phase  in  an  unpredictable  manner  which 
leads  to  a  mixture  of  oligomers  and  dissociation  frag¬ 
ments  in  addition  to  the  original  complex  as  revealed, 
for  instance,  by  the  mass  spectrometric  studies  of 
Ca(thd)2  and  Ce(thd)4  (thd  =  2,2,6, 6-tetramethyl-3,5- 
heptanedione)  [25,  26].  Probably  owing  to  steric  factors 
the  growth  rate  with  the  bulky  thd  chelates  is  low, 
e.g.  only  0.5-0.6A  cycle for  SrS  from  Sr(thd)2  and 
H2S.  Furthermore,  the  surface  state  is  unstable  and 
changes  with  temperature:  when  the  substrate  (reactor) 


Fig.  3.  Structure  of  the  Ce(thd)4  molecule  in  the  solid  state  [26]. 
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Fig.  4.  Thermogravimetric  curves  in  flowing  nitrogen  showing  dehydration  (region  I)  and  the  thermally  induced  conversion  of  Zn  acetate  into 
a  tetrameric  volatile  complex  (region  II),  Results  for  slow  (5  ^Cmin”^; - and  fast  (40°Cmin  — )  heating  rates  are  shown  [28]. 


temperature  increases  above  400  °C  another  competing 
reaction  mechanism  appears  [5,  27]. 

However,  there  are  examples  where  bulky  complexes 
containing  several  metal  atoms  can  be  used  as  precur- 
sors  for  controlled  growth  at  high  rates.  This  requires 
that  the  complex  is  volatile,  stable  enough  and  contains 
the  metals  in  a  favourable  geometrical  arrangement 
for  the  formation  of  a  surface  layer  of  the  desired 
product.  These  requirements  are  fulfilled  in  the  case 
of  the  Zn40(CH3C00)6  molecule  formed  from  Zn 
(CH3C00)2  (Fig.  4)  [28]  which  gives  in  the  growth 
of  ZnS  thin  films  a  significantly  higher  growth  rate  than 
ZnCl2  [29].  A  similar  but  not  yet  fully  characterized 
system  is  the  Pb4O(OBu06  complex  for  the  growth  of 
PbS  thin  films  [30]. 

When  thin  film  growth  of  covalently  bound  com¬ 
pounds  or  elements  (Si3N,  B,  Si  etc.)  is  attempted,  tem¬ 
perature  alone  is  not  enough  to  activate  the  precursors 
but  additional  energy  is  needed  in  the  form  of  UV  or 
laser  radiation,  for  instance,  in  order  to  produce  and 
activate  reactive  radicals.  Only  very  recently  has  pro¬ 
gress  been  made  in  this  area  [8,  31].  For  instance, 
Greene  et  al.  have  studied  the  mechanism  and  kinetics 
of  photostimulated  silicon  deposition  by  ALE  using 
Si2H6  as  a  precursor  [32]. 

2.3,  An  illustrative  example:  YBa2Cu^O'j_x 

Probably  the  most  exciting  group  of  new  materials 
discovered  during  the  second  half  of  this  century  is  the 
new  oxide-based  high  temperature  superconductors  first 
reported  in  1986  [33].  A  major  part  of  the  applications- 
oriented  research  has  been  focused  on  the  processing  of 
thin  films  from  YBa2Cu307_^  (1-2-3  phase)  which 


has  a  layered  perovskite-type  structure  and  a  critical 
temperature  7^  =  90  K,  Requirements  of  high  super¬ 
conducting  thin  films  for  electronic  applications  include, 
in  addition  to  =  90  K  (above  the  boiling  point  of 
N2  +  10  K),  that  the  critical  current  is  at  least 
1  MA  cm“^  and  the  surface  resistance  is  below  10“"^  Q, 
the  latter  values  being  measured  at  77  K,  20  GHz.  The 
surface  of  the  films  should  be  smooth  ( ±  100  A)  and  the 
relatively  large  substrates  (2  in  wafers  or  larger)  should 
be  covered  on  both  sides.  A  further  desirable  process 
parameter  is  in  situ  growth  at  low  temperatures  (below 
900  K)  in  order  to  achieve  compatibility  with  existing 
very-large-scale  integration  technology. 

While  good  quality  high  superconductor  thin  films 
can  be  grown  by  several  methods  [34]  it  is  the  require¬ 
ment  of  uniformity  over  a  large  substrate  area  which 
makes  ALE  (and  CVD)  an  attractive  choice  for  in  situ 
growth  [35]. 

From  the  chemical  point  of  view,  the  thin  film  growth 
of  the  new  superconductors  by  ALE  represents  a  chal¬ 
lenge.  For  the  gas  phase  growth  of  YBa2Cu3  07_;,,  a 
copper  precursor  can  easily  be  found  but  yttrium  and 
especially  barium  are  problematic  if  one  works  outside 
the  UHV  range.  In  the  CVD  growth  of  YBa2Cu307_;„ 
metal  halides  (YCI3,  Bal2,  CuCl)  have  been  employed 
[36]  but  most  groups  have  chosen  the  P-diketonate 
chelates  as  precursors  [35].  Unfortunately,  Ba  forms 
the  most  unstable  thd  complex  of  all  alkaline  earths 
and  it  exists  as  an  oligomer  already  in  the  solid  state 
fractionating  then  in  the  gas  phase  [37].  Furthermore,  as 
the  system  contains  C  the  relatively  stable  Ba  carbonate 
(decomposes  above  800  °C)  is  readily  formed  when 
ozone  or  another  active  form  of  O  is  introduced.  Because 
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the  susceptor  temperature  cannot  be  changed,  a  major 
obstacle  is  also  to  find  a  compromise  for  the  ALE 
temperature  window  satisfying  simultaneously  the  de¬ 
position  conditions  for  all  three  metal  oxides. 

CVD-grown  thin  films  of  YBa2Cu3  07_^  have  good 
critical  values  [35]  and  promising  results  have  also  been 
obtained  by  layer-by-layer  type  growth  [38].  A  funda¬ 
mental  problem  remains,  however,  in  that  the  1-2-3 
phase  is  not  thermodynamically  stable  with  respect  to 
assemblages  containing  combinations  of  Y2BaCu05, 
Y2CU2O5,  BaCu02,  Y2O3  and  CuO  [39].  Therefore  the 
so-called  1-2-4  compounds  or  Bi-containing  phases 
may  be  better  choices  but  their  production  also  is  not 
without  problems. 


3.  New  materials  by  atomic  layer  epitaxy 

Currently  only  a  limited  number  of  materials  have 
been  prepared  by  ALE  (Table  2).  The  research  has  been 
focused  on  areas  where  potential  and  needs  of  the 
electronic  and  optoelectronic  applications  are  the  great¬ 
est.  In  addition  to  the  III-V  and  II-VI  compounds  for 
semiconductors  and  electroluminescent  applications,  a 
considerable  research  effort  is  now  being  directed  to  the 
processing  of  group  IV  elements  and  compounds  [8,  31]. 

As  regards  oxides,  Table  1  indicated  activity  only  in 
the  case  of  alumina  and  the  high  superconductors.  It 
is  expected  that  other  oxide  materials  will  and  can  be 
processed  by  ALE  for  optical  applications  or  for  buffer 
and  substrate  layers.  ALE  offers  in  many  cases  a  possi¬ 
bility  that  several  layers  of  different  compositions  and 
functions  can  be  made  in  an  integrated  process,  thus 
minimizing  contamination  etc.  The  inherent  slow 
growth  rate,  which  is  one  of  the  disadvantages  of  ALE, 
can  be  partially  overcome  by  precursor  design  as  in  the 
case  of  ZnS  growth  from  Zn40(CH3C00)6  [28]  or  by 
reactor  design[40]. 

TABLE  2.  Thin  films  grown  by  atomic  layer  epitaxy 
II-VI  compounds 

ZnX  (X  =  S,  Se,  Te,  O),  MS(M  =  Ca,  Sr,  Ba) 

Doping  with  Mn,  rare  earths,  Pb 

PbS,  CdTe 
III^V  compounds 

GaAs,  InP  etc.,  also  multilayers 
Oxides 

AI2O3,  Sn02,  Ti02,  CeOs,  Al-Ti  oxide,  In203,  Ta205 
Transition  metal  nitrides 

TiN,  TaN,  NbN  etc. 

Superconductors 

6-NbN,  YBa2Cu3  07_;f,  Bi-containing  phases 
Elements 

Si,  Ge,  C  (?) 

Other 

GaN,  La2S3 


Areas  where  ALE  activity  is  almost  non-existent 
include  the  deposition  of  metals  and  covalently  bound 
hard  materials  (borides,  carbides,  nitrides).  A  prelimi¬ 
nary  study  of  the  transition  metal  nitride  phases  [41] 
indicates  that  good  quality  thin  films  with  interesting 
properties  can  be  grown. 

In  order  to  be  able  to  produce  the  new  materials 
there  is  a  need  in  some  cases  for  improved  reactor 
designs.  Also,  the  limited  availability  of  in  situ  charac¬ 
terization  techniques  outside  the  UHV  range  has 
slowed  the  development. 

4.  Conclusions 

In  comparison  with  other  thin  film  deposition  meth¬ 
ods,  it  is  the  chemical  versatility  of  ALE  together  with 
the  method’s  inherent  advantages  which  offer  wide,  but 
still  only  partly  explored,  opportunities.  Provided  that 
suitable  source  materials  are  available  or  can  be  syn¬ 
thesized  and  that  the  kinetics  and  thermodynamics  of 
the  exchange  reaction  are  favourable,  a  variety  of  new 
materials  can  be  prepared. 

The  advantages  of  ALE  include  controlled  thin  film 
growth  with  uniform  thickness  over  large  substrate 
areas  of  varying  geometrical  shape.  The  doping  is 
straightforward,  at  least  in  the  concentration  level  of  a 
few  atomic  per  cent,  and  the  number  and  type  of  layers 
is  in  principle  unlimited.  There  is  also  a  possibility  to 
tailor  the  interfaces  and  to  grow  the  film  stacks  in  a 
continuous  process  without  exposing  them  to  the  air. 


ZnS 


3+ 

SrS:Ce 

ZnS 

SrS:Ce^^ 

ZnS 

AIxTiA 

In^Sn^O, 


AlA 


Fig.  5.  An  advanced  TFEL  structure  where  all  layers  can  be  de¬ 
posited  and  doped  (except  for  the  upper  A1  electrode)  by  ALE  in  a 
continuous  process,  if  necessary. 
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An  example  from  the  TFEL  technology  is  shown  in  Fig. 
5.  The  disadvantages  of  the  method,  especially  the  slow 
growth  rate,  can  be  partly  compensated  by  precursor 
and  reactor  design.  While  for  binary  compounds 
the  process  parameters  can  in  most  cases  be  found 
and  optimized  the  processing  of  thin  films  with  more 
complicated  structures  remains  a  challenge  in  the  ALE 
technique. 
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Abstract 

The  self-limited  etching  characteristics  and  the  surface  processes  in  digital  etching  of  GaAs  employing  a  Cl 
radical -Ar  ion  system  are  described.  In  the  case  that  the  self-limiting  mechanism  is  involved  in  the  digital  etching 
procedure,  the  etch  rate  saturates  at  the  same  value  for  both  CI2  feed  time  and  Ar  ion  irradiation  time.  Excessive 
Cl  accumulation  at  the  surface  is  considered  to  prevent  the  surface  from  etching,  leading  to  a  gradual  decrease  in 
etched  depth  during  repetition  of  the  digital  etching  cycles. 


1.  Introduction 

Many  investigations  on  atomic-scale  additive  modifi¬ 
cation  techniques  such  as  atomic  layer  epitaxy  (ALE) 
have  been  carried  out,  but  few  reports  have  been  made 
on  atomic- scale  subtractive  techniques.  We  have 
demonstrated  a  digital  etching  technique,  in  which 
etchants  are  introduced  in  sequence  with  a  necessary 
purge  period  between  the  subsequent  etchant  pulse  and 
energetic  beam  pulse  [1,  2].  In  digital  etching  a  reaction 
column  is  restricted  at  the  surface  and  a  self-limited 
etching  nature  is  expected.  The  self-limiting  nature  is  a 
key  mechanism  and  plays  an  important  role  in  obtain¬ 
ing  precise  controllability.  In  the  digital  etching  of 
GaAs,  self-limiting  characteristics  are  obtained  using  a 
sequential  incidence  of  Cl  radicals  and  low  energy  Ar 
ions  [3,  4]. 

In  this  paper,  surface  processes  in  digital  etching  of 
GaAs  are  described  and  the  self-limiting  mechanism 
and  unique  characteristics  in  digital  etching  are  dis¬ 
cussed,  using  a  Cl  radical  pulse  and  sequential  low 
energy  Ar  ion  irradiation.  In  particular,  the  origin  of 
the  suppression  of  the  digital  etching  performance  with 
short  Ar^  irradiation  is  discussed  here. 


2.  Experiment 

The  digital  etching  study  described  in  this  paper  was 
carried  out  in  an  electron-beam-excited  plasma  system 
[5].  The  details  of  the  apparatus  are  described  in  previ¬ 
ous  reports  [3,  5].  The  digital  etching  sequence  differs 
from  the  conventional  etching  techniques  and  is  divided 
into  four  steps  as  follows. 

(i)  Etchant  adsorption  (0.3 -0.7 s).  Cl  radicals  gener¬ 
ated  in  the  CI2  glow  discharge  are  adsorbed  on  the 
GaAs  surface.  To  avoid  irradiation  of  the  surface,  the 
shutter  placed  before  the  sample  stage  is  closed. 

(ii)  Etchant  purge  (10  s).  An  excess  of  Cl  radicals  in 
the  vapour  phase  is  purged. 

(hi)  Beam  irradiation  (1.0-18 s).  An  Ar  ion  beam 
extracted  from  the  Ar  glow  discharge  plasma  irradiates 
the  surface;  an  appropriate  bias  voltage  is  applied  to  the 
sample  after  the  immediate  opening  of  the  shutter  and 
the  etching  occurs.  In  this  experiment,  the  energy  of 
incident  Ar  ions  was  maintained  at  25  eV. 

(iv)  Product  purge  (3.0  s).  The  purge  of  etching  prod¬ 
ucts  completes  1  cycle  of  the  digital  etching  process. 

The  GaAs  samples  used  were  (001)  ±0.5°  oriented, 
n-type,  Si-doped  GaAs  wafers  patterned  by  Si02  (1- 
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5  |im  line-and-space  patterns).  Before  Si02  deposition, 
samples  were  etched  by  a  chemical  solution  of 
4H2S04:1H20:1H202,  followed  by  patterning  with  a 
photolithographic  technique,  and  were  set  on  the  water- 
cooled  sample  stage.  The  operating  temperature  was 
kept  at  300  K  during  the  entire  experiment. 

Etch  rates  were  determined  by  measuring  etched  depth 
by  a  surface  profiler  after  typically  500  repetitions  of 
the  digital  etching  cycle,  and  were  also  estimated  by 
calculation  using  rate  equations.  The  calculation  method 
has  been  reported  in  detail  in  a  previous  paper  [4]. 


3.  Results  and  discussion 

Figure  1(a)  shows  the  variation  in  etch  rate  as  a 
function  of  the  Ar  ion  irradiation  time  for  various  Clj 
feed  times  with  25  eV  bombardment  energy.  As  a 
whole,  it  was  found  that  the  etch  rate  increases  with 
increasing  Ar  ion  irradiation  time  until  finally  saturat¬ 
ing.  For  the  case  of  0.3  s  of  CI2  feeding,  etching  arises 
without  any  onset  irradiation  time.  The  etch  rate  at 
saturation  is  higher  for  the  longer  CI2  feed  time.  For  a 
longer  CI2  feed  time,  the  etching  starts  after  a  certain 
lag  time,  with  the  onset  of  saturation  taking  longer  for 
increased  CI2  feed  time.  The  saturation  level  is  indepen¬ 
dent  of  Ar  ion  irradiation  time.  These  results  show  that 
etch  rate  is  independent  of  both  Ar  ion  irradiation  time 
and  CI2  feed  time  when  the  Ar  ion  irradiation  time  is 
long  enough,  indicating  that  the  self-limiting  mecha¬ 
nism  is  involved  in  the  digital  etching  procedure.  Here 
regions  I,  II  and  III  are  defined  as  shown  in  Fig.  1(b); 
in  region  I  no  etching  occurs,  the  etching  rate  increases 


with  Ar  ion  irradiation  in  region  II  and  the  etch  rate 
saturates  independently  of  Ar  ion  irradiation  time  in 
region  III  where  self-limiting  etching  is  obtained. 

We  assumed  that  Cl  adsorbed  only  within  a  critical 
thickness  can  contribute  to  etching  and  that  excess  of 
Cl  accumulation  suppresses  the  etching  performance  to 
explain  the  self-limiting  property  in  digital  etching. 
These  assumptions  are  consistent  with  the  experimental 
results  reported  by  Asakawa  [6]. 

It  is  easily  understood  that  the  saturation  of  the  etch 
rate  is  given  by  the  amount  of  Cl  within  the  critical 
thickness.  As  mentioned  above,  the  presence  of  the 
onset  is  considered  to  result  from  the  gradual  Cl  accu¬ 
mulation  since  the  adsorbed  Cl  radicals  are  not  com¬ 
pletely  removed  from  the  surface  owing  to  excess  CI2 
feeding  and/or  insufficient  Ar  ion  irradiation.  However, 
to  discuss  the  origin  of  onset  with  large  CI2  feed  time,  it 
might  be  taken  into  account  whether  the  residual  con¬ 
taminants  in  the  etching  column  (O2,  water  vapour 
etc.)  induce  the  onset,  because  the  interval  between 
sequential  Ar  ion  irradiation  is  relatively  long  in  the 
digital  etching  sequence  as  described  in  Section  2. 

Here  we  discuss  the  origin  of  the  onset  from  etching 
linearity.  It  is  confirmed  that  the  etched  depth  linearly 
increases  with  number  of  etching  cycles  and  the  etching 
linearity  is  kept  in  region  III.  However,  if  a  surface 
oxide  layer  is  formed  during  this  long  interval  between 
Ar  ion  irradiation  sequences,  the  oxide  layer  prevents 
the  GaAs  surface  from  etching  and  there  should  be  a 
time  loss  to  etch  the  oxide  layer  at  the  beginning  of  the 
subsequent  Ar  ion  irradiation  because  of  its  slower  etch 
rate.  The  etched  depth  is  smaller  than  that  with  no 
oxide  layer  but  should  be  the  same  in  each  sequence,  so 


Fig.  1.  Etch  rate  of  GaAs  vs.  Ar  ion  irradiation  time  at  a  various  Clj  feed  times.  The  inset  shows  the  definition  of  regions  I,  II  and  III. 
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Fig.  2.  Schematic  illustrations  of  expected  variations  in  etched  depth 
vs.  number  of  etching  cycles;  (a)  the  case  of  surface  contamination; 
(b)  Cl  accumulation  prevents  the  surface  from  etching. 

that  the  etched  depth  has  a  linear  dependence  on  the 
number  of  etching  cycles.  Therefore  the  etched  depth 
dependence  on  the  number  of  etching  cycles  in  region 
III  at  a  certain  Ar  ion  irradiation  time  is  expected  to 
exhibit  the  tendency  described  in  Fig.  2(a). 

In  contrast,  if  the  surface  is  free  from  oxides  during 
the  etching  procedure  and  the  presence  of  onset  Ar  ion 
irradiation  time  is  mainly  caused  by  the  accumulation 
of  Cl  radicals  as  described  before,  the  variation  in 
etched  depth  as  a  function  of  the  number  of  etching 
cycles  is  estimated  as  shown  in  Fig.  2(b)  from  the 
calculated  results  using  rate  equations.  In  this  case, 
since  the  Cl  accumulation  increases  in  the  first  several 
tens  or  hundreds  of  cycles,  the  slope  of  this  curve 
gradually  becomes  gentle  and  then,  after  further  cycles, 
the  slope  of  the  curve  will  be  finally  linear  owing  to  the 
balance  of  feeding  and  desorption  of  Cl  radicals  at  the 
surface. 

Figure  3  shows  a  typical  example  of  the  dependence 
of  etched  depth  on  the  number  of  etching  cycles  in 
region  II.  This  curve  reveals  a  good  agreement  with  Fig. 
2(b).  Therefore  the  surface  process  that  the  oxide  layer 


Fig.  3.  Typical  example  of  etched  depth  vs.  number  of  etching  cycles. 


acts  as  the  origin  of  onset  can  be  ruled  out  and  conse¬ 
quently  it  is  considered  that  Cl  radicals  also  act  as  the 
blocking  layer  against  the  etching  in  the  case  of  exces¬ 
sive  CI2  feeding. 

From  these  results,  the  surface  process  during  one 
etching  cycle  of  digital  etching  is  considered  to  be  as 
schematically  shown  in  Fig.  4.  Figure  4(a)  shows  the 
initial  substrate  surface  before  the  etching  sequence  and 
Figs.  4(b) -4(d)  indicate  the  variation  in  Cl  adsorption 
depending  on  the  CI2  feed  time.  With  thinner  Cl  ad¬ 
sorption  than  the  critical  thickness  (Fig.  4(b)),  etching 
occurs  without  any  onset  of  the  Ar  ion  irradiation  time 
and  the  process  takes  place  in  region  I  (from  Fig. 
4(b-l)  to  Fig.  4(b-3)).  The  saturated  etch  rate  in  region 
III  becomes  higher  with  larger  CI2  feed  time,  since  the 
saturated  etch  rate  is  decided  by  the  initial  Cl  coverage. 
On  the  contrary,  when  the  adsorbed  Cl  is  thicker  than 
the  critical  thickness  (Fig.  4(d)),  etching  arises  after  the 
removal  of  the  excessive  adsorption  layer  of  Cl  through 
the  physical  sputtering  process  (from  Fig.  4(d-l)  to  Fig. 
4(d-3)).  Etching  in  such  a  case  proceeds  only  after  the 
Ar  ion  irradiation  clears  excess  Cl.  The  saturated  etch 
rate  is  independent  of  the  thickness  of  adsorbed  Cl.  In 
region  III,  no  Cl  remains  at  the  surface  after  one  cycle 
of  etching  because  Ar  ion  irradiation  is  sufficient  to 
remove  Cl  and  the  initial  surface  condition  is  retained 
in  the  digital  etching  procedure  in  the  ideal  case.  Thus 
the  etch  rate  is  independent  of  both  CI2  feed  time  and 
Ar  ion  irradiation  time,  and  the  self-limiting  etching 
nature  is  obtained  (indicated  as  ’’self-limited”  in  Fig. 
4). 

By  fitting  results  from  the  rate  equation  analysis,  the 
reaction  time  constant  is  determined  to  be  about  2.5  s, 
which  is  estimated  to  be  approximately  2-3  orders  of 
magnitude  slower  than  that  in  ordinary  reactive  ion 
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Fig.  4.  Plausible  model  of  surface  processes  in  one  etching  cycle  of  digital  etching. 


beam  etching  [4].  At  the  present  stage,  the  critical 
thickness  is  considered  to  correspond  to  monolayer 
adsorption, 

4.  Summary 

Surface  processes  in  the  digital  etching  of  GaAs  have 
been  discussed  using  sequential  exposure  of  the  sample 
to  Cl  radicals  and  low  energy  Ar  ions.  The  self-limited 
etching  characteristics  are  obtained  within  both  the  Ar 
ion  irradiation  time  and  the  CI2  feed  time  of  the  etching 
cycle.  It  is  confirmed  from  experimental  and  calculated 
results  that  self-limited  etching  is  induced  by  the  Cl 
adsorbed  only  within  a  critical  thickness,  which  causes 
the  etching  of  GaAs,  and  that  unexpected  Cl  accumula¬ 
tion  leads  to  the  presence  of  onset  with  a  short  Ar  ion 
irradiation.  In  addition,  the  possibility  that  surface 
oxides  cause  the  presence  of  the  onset  of  etching  with  a 
short  Ar^  irradiation  is  ruled  out,  on  the  basis  of  results 
from  rate  equation  analysis. 
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Abstract 

The  chemisorption  and  reaction  of  CI2  and  HCl  on  Si(100)-(2  x  1)  have  been  studied  using  Auger  electron 
spectroscopy,  high  resolution  electron  energy  loss  spectroscopy  (HREELS),  digital  electron-stimulated  desorption 
ion  angular  distribution  (ESDIAD),  and  temperature  programmed  desorption.  At  100  K,  both  CI2  and  HCl 
dissociatively  chemisorb  on  the  dangling  bonds  of  Si(lOO).  At  saturation  coverage,  following  an  exposure  of  the 
Si(lOO)  surface  to  CI2,  the  surface  concentration  of  Cl  is  about  one  Cl  atom  per  Si  atom  while  HCl  can  produce  a 
Cl  coverage  only  about  one-fourth  of  that  achieved  with  CI2.  This  is  the  first  report  of  a  self-site- blocking  effect  in 
adsorption  on  a  semiconductor  surface.  HREELS  spectra  indicate  that  both  CI2  and  HCl  adsorption  at  100  K  give 
a  monochloride  surface  species  with  an  Si-Cl  stretching  frequency  of  about  550-600  cm" \  Digital  ESDIAD 
measurements  reveal  that  the  Si-Cl  bond  angle  for  the  monochloride  from  both  CI2  and  HCl  adsorption  is  oriented 
on  the  vertical  plane  containing  the  Si-Si  dimer  bond  and  is  inclined  from  the  surface  normal  by  25°  +  4°.  The 
etching  products  of  Si(lOO)  by  CI2  at  elevated  temperatures  are  SiCl2  at  about  800  K  and  a  small  amount  of  SiCl4 
at  about  500  K.  For  HCl,  the  only  observed  etching  product  is  SiCl2. 


1.  Introduction 

It  is  important  to  understand  the  basic  chemistry  of 
Cl  chemisorption  and  reaction  on  semiconductor  sur¬ 
faces,  since  Cl-containing  molecules,  such  as  SiH2Cl2 
[1]  and  GaCl3  [2],  have  been  used  as  precursor 
molecules  for  atomic  layer  epitaxy  processes,  and  CI2 
molecules  have  been  used  in  the  ion  [3-5]  or  photon 
[6-8]  assisted  etching  processes. 

In  this  report,  the  saturation  coverage  and  vibrational 
spectrum  of  Si-Cl  and  Si-H  bonds  derived  from  Cl2(g) 
and  HCl(g)  adsorption  are  compared  on  Si(lOO).  In 
addition,  Cl^  electron-stimulated  desorption  ion  angular 
distribution  (ESDIAD)  patterns  from  Si-Cl  bonds  on 
Si(  100)  are  reported,  giving  information  about  the  Si-Cl 
bond  direction.  All  adsorption  experiments  are  carried 
out  at  100-120  K  in  order  to  study  the  primary  kinetic 
processes  which  occur.  Heating  experiments  then  reveal 
subsequent  activated  surface  processes. 


2.  Experimental  details 

Experiments  were  carried  out  in  two  ultrahigh  vac¬ 
uum  (UHV)  chambers.  The  first  was  equipped  with  a 
digital  ESDIAD -low  energy  electron  diffraction 


(LEED)  apparatus,  an  Auger  electron  spectrometer,  a 
quadrupole  mass  spectrometer  for  line-of-sight  temper¬ 
ature  programmed  desorption  (TPD),  and  an  addi¬ 
tional  quadrupole  mass  spectrometer  for  ion  mass 
analysis  in  ESD.  The  second  UHV  chamber  housed  a 
high  resolution  electron  energy  loss  spectrometer, 
LEED  equipment,  an  Auger  electron  spectrometer  and 
a  quadrupole  mass  spectrometer  for  TPD.  The  primary 
beam  energy  used  for  the  high  resolution  electron  en¬ 
ergy  loss  spectroscopy  (HREELS)  study  was  4.2  eV  and 
the  full  width  at  half-maximum  of  the  elastic  beam  was 
about  65  cm  “  ^  Flux-calibrated  microcapillary-colli¬ 
mated  gas  dosers  [9,  10]  were  used  in  both  chambers  for 
control  of  the  CI2  or  HCl  exposure.  The  Si(lOO)  single 
crystal  was  cleaned  by  Ar^  sputtering  and  subsequent 
annealing  at  1173  K.  The  crystal  temperature  was  mea¬ 
sured  by  a  chromel-constantan  thermocouple  enclosed 
in  a  double  Ta  foil  envelope  which  was  inserted  into  a 
slot  on  the  crystal  edge  [9]. 


3.  Results  and  discussion 

3.L  Adsorption  of  Cl 2  and  HCl 
The  saturation  coverage  of  the  Cl  layer  was  deter¬ 
mined  from  measurements  of  the  kinetics  of  the 
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adsorption  of  CI2  or  HCl  on  Si(lOO)  at  100  K.  Figure  1 
is  a  plot  of  the  development  of  the  Cl(a)  coverage  as  a 
function  of  exposure  using  the  two  molecules  to  deposit 
CL  It  is  noticed  that  above  3  x  10’"^  molecules  cm 
exposure,  both  the  CI2  and  HCl  adsorption  rates  have 
dramatically  decreased.  The  reduction  in  the  adsorption 
rate  for  CI2  is  due  primarily  to  the  lack  of  available 
surface  dangling  bonds  since  at  this  breakpoint  most 
sites  are  used  up  for  the  chemisorption.  (Cross-calibra¬ 
tions  of  surface  Cl  coverage  from  CI2  adsorption  on 
Si(lOO)  with  the  saturation  coverage  of  monohydride 
from  atomic  H  adsorption  indicate  that  the  surface  Cl 
coverage  is  about  0.8  at  the  breakpoint  of  the  CI2  Auger 
electron  spectroscopy  (AES)  uptake  curve.)  On  the 
basis  of  the  crystal  structure  of  Si,  the  perfect  Si(lOO)- 
(2  X  1)  surface  exposes  6.8  x  10^"^  dangling  bonds  cm”^. 
Thus,  at  a  CI2  exposure  of  about  3  x  10^"^  Cl2cm“^, 
saturation  of  the  dangling  bonds  is  expected  to  occur 
(near  the  breakpoint  in  the  curve),  assuming  a  sticking 
probability  of  unity  in  the  initial  adsorption  region. 
Beyond  the  breakpoint  at  about  3  x  10^"^  CI2  cm“^,  the 
coverage  continues  to  rise  slowly  as  the  CI2  exposure  is 
increased.  For  the  same  exposure  (about  3  x  10^"^ 
molecules  cm”^),  the  saturation  effect  is  also  observed 
for  HCl  adsorption.  The  saturation  surface  Cl  coverage 
from  HCl  adsorption  is  only  about  one-fourth  of  that 
achieved  by  CI2  adsorption,  as  obtained  from  the 
Cl(LMM)/Si(LMM)  AES  intensity  ratio  in  Fig.  1.  The 
CI2  molecules  are  composed  of  two  Cl  atoms  which  give 
a  Cl  coverage  of  nearly  one  Cl  atom  per  dangling  bond 


Auger  Studies  of  CI2  and  HCl  Adsorption 
on  Si(100)-(2xl).  T=100K 


Fig.  1.  Rate  of  Cl  coverage  increase  for  CI2  and  HCl  adsorption  on 
Si(100)-(2  X  1)  at  100  K  using  Auger  spectroscopy.  =  2.0  kV. 


at  the  breakpoint.  In  comparison,  HCl  is  composed  of 
one  Cl  atom  and  one  H  atom.  If  the  surface  dangling 
bonds  were  all  occupied  by  H(a)  and  Cl(a)  from  HCl 
adsorption,  a  Cl  surface  coverage  of  about  0.5  would  be 
expected.  However,  at  the  breakpoint  only  about  one- 
fourth  of  the  surface  dangling  bonds  are  occupied  by  Cl 
from  HCl  adsorption  at  100  K.  The  surface  therefore 
has  about  one-half  of  the  dangling  bonds  which  are  not 
accessible  for  HCl  adsorption.  Furthermore,  after  a 
saturation  exposure  of  HCl  is  achieved,  exposure  of  this 
prepared  surface  to  CI2  leads  to  increased  Cl  coverages 
as  measured  by  AES,  indicating  that  the  dangling 
bonds  inaccessible  for  HCl  adsorption  are  active  for  CI2 
adsorption.  Thus,  the  HCl  adsorption  on  Si(lOO)  is  a 
self-site-blocking  process.  To  our  knowledge,  this  is  the 
first  report  of  such  a  self-site-blocking  adsorption  pro¬ 
cess  on  a  semiconductor  surface.  The  immediate  con¬ 
clusion  from  this  result  is  that  HCl  will  be  a  less 
effective  etchant  than  CI2  because  of  its  limited  surface 
coverage  on  Si(lOO).  The  explanation  of  this  self-site- 
blocking  adsorption  phenomenon  is  not  well  under¬ 
stood  at  present. 

3.2.  Vibrational  studies  of  Cf  and  HCl  adsorption 

Deeper  insight  into  the  Cl  surface  chemistry  can  be 
obtained  from  the  vibrational  characterization  of  the 
surface  species  formed  during  the  chemisorption  and 
reaction.  Figure  2  shows  the  vibrational  spectra  after 
either  CI2  or  HCl  adsorption  on  Si(100)-(2  x  1)  at 
100  K.  It  is  noticed  that  only  one  strong  Si-Cl  stretch¬ 
ing  mode,  v(SiCl),  is  observed  at  about  600  cm“^  and  at 
about  550  cm"*  for  CI2  and  HCl  adsorption  respec¬ 
tively  (refs.  11,  p.  132,  and  12).  For  HCl  adsorption,  an 
additional  vibrational  feature  is  observed  at  about 
2120  cm"*  (Fig.  2,  spectrum  b)  which  is  due  to  the  SiH 
stretching  mode  [13].  The  lack  of  an  HCl  stretching 
mode  near  about  3000  cm"*  (ref.  11,  p.  101)  and  the 
appearance  of  v(SiCl)  and  v(SiH)  modes  indicate  that 
HCl  is  dissociated  on  adsorption  at  100  K. 

The  vibrational  spectra  (Fig.  2)  indicate  that  higher 
surface  chloride  species,  such  as  SiCl2(a),  SiCl3(a)  or 
SiCl4(a),  are  not  observed  following  either  CI2  or  HCl 
adsorption  at  100  K.  These  chlorides  should  exhibit  an 
asymmetric  stretching  mode  (Va(SiCl),  about  533- 
617  cm”*)  and  a  symmetric  stretching  mode  (Vs(SiCl), 
about  376-465  cm"*).  In  addition,  a  bending  vibra¬ 
tional  mode  should  be  present  (5(Si-Cl),  about  164- 
261cm”*)  (refs.  11,  p.  132,  and  12).  There  is  no 
prominent  evidence  for  these  modes  in  the  spectra 
observed.  This  is  consistent  with  the  dissociative  ad¬ 
sorption  of  HCl  and  CI2  forming  surface  monochloride 
species.  For  CI2  adsorption  at  100  K,  the  mode  at 
295  cm"*  has  been  assigned  to  an  Si2Cl  stretching 
mode  for  a  bridge-bonded  Cl  species,  a  minority  species 
[14]. 
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Comparison  of  the  Vibrational  Spectra 


for  CI2  and  HCI  Adsorption  on  Si(IOO) 


Fig.  2.  HREEL  spectra  of  CI2  and  HCl  adsorption  on  Si(  100)-(2  x  1) 
at  100  K:  spectrum  a,  CI2  exposure  of  7.4  x  10’"^  molecules  cm 
spectrum  b,  HCl  exposure  of  8.7  x  10*"^  molecules  cm 

3.3.  Electron -Stimulated  desorption  ion  angular 
distribution  studies  of  Si -Cl  bonding  on  Si(lOO) 

The  ESDIAD  method  has  been  employed  to  study 
the  bonding  of  Cl(a)  to  Si(lOO)  using  both  CI2  and  HCl 
as  adsorbates.  In  this  method,  the  adsorbed  layer  is 
bombarded  by  electrons  (Vg  —  120  eV  in  this  case)  and 
the  angular  distribution  of  CH  ions  is  detected  by  an 
ion  counting  technique.  The  ejection  angle  of  the  Cl^ 
ions  is  determined  primarily  by  the  orientation  of  the 
Si -Cl  bond  being  broken  [15-17]  in  the  electronic 
excitation.  This  angle  is  modified  by  final  state  effects 
involving  the  CH  interaction  with  its  image  charge  as 
well  as  by  C1+  reneutralization  near  the  surface  [18,  19]. 

The  surface  monochloride  species  produced  from 
HCl  or  CI2  adsorption  give  four  off-normal  Cl^  emis¬ 
sion  beams  observed  from  the  ESDIAD  measurements, 
shown  in  Fig.  3.  The  Cl^  ions  are  ejected  at  a  tilt  angle 
of  25°  +  4°  (corrected  for  all  final  state  effects)  in  planes 
perpendicular  to  the  crystal  surface  but  parallel  to  the 
surface  Si- Si  dimer  bond  axes,  as  confirmed  from  the 
comparison  of  the  ESDIAD  pattern  with  the  (2  x  1) 
LEED  patterns  of  the  substrate  surface.  Slight  mis¬ 
alignment  of  the  Si  single  crystal  from  the  (100)  direc¬ 
tion  results  in  a  stepped  surface  with  Si -Si  dimer  rows 


Fig.  3.  CF  ESDIAD  patterns  of  (a)  Ch  (after  annealing  to  673  K  to 
obtain  a  sharp  monochloride  pattern)  and  (b)  HCl  (120K  adsorp¬ 
tion)  on  Si(100)-(2  X  1).  Near-saturation  coverages  were  achieved  for 
CI2  and  HCl  adsorption  prior  to  these  measurements.  V^=  120  eV. 
Contour  profiles  are  plotted  by  an  increment  of  1/6  of  their  peak 
maxima. 

oriented  alternately  in  orthogonal  directions,  forming 
(1x2)  and  (2x1)  domains  of  reconstructed  surface. 
The  inclined  Cl  bonds  of  the  surface  monochloride 
species  from  both  types  of  domains  produce  the  four 
off-normal  Cl"^  ion  beams.  A  single  domain  surface 
would  give  two  off-normal  Cl'^  ion  beams  with  the 
opposite  polar  angle  with  respect  to  the  surface  normal. 

3.4.  Thermal  desorption  studies 
The  thermally  activated  etching  reaction  was  investi¬ 
gated  by  TPD  measurements.  The  results  (Fig.  4)  indi¬ 
cate  that  Cl(a)  from  both  CI2  and  HCl  chemisorption 
etches  the  Si(lOO)  surface,  producing  SiCl2(g)  with  a 
desorption  peak  temperature  at  about  820  K  for  the 
Cl2/Si(100)  system  and  at  840  K  for  the  HCl/Si(100) 
system.  A  small  amount  of  SiCU  desorption  (monitored 
by  its  major  mass  spectrometer  cracking  product, 
SiCl3+,  m/e  =  133amu)  is  also  observed  for  the  CI2/ 
Si(lOO)  system  at  monolayer  or  higher  exposures.  This 
is  consistent  with  the  previous  Cl2/Si(100)  TPD  results 
[6,  14,  20].  These  measurements  indicate  that  SiCl2 
is  the  main  etching  product  for  both  CI2  and  HCl 
adsorption,  and  that  the  etching  process  involving  SiCl2 
occurs  near  840  K.  Species  such  as  SiH4  (monitoring 
mfe  =  30  amu)  or  SiH3Cl  (monitoring  mfe  =  31  amu), 
SiH2Cl2  (monitoring  m/^  =  99amu)  and  SiHCl3 
(monitoring  mje  =  133  amu)  were  not  detected  in  the 
TPD  spectra,  showing  that  the  surface  H  atom  was 
not  involved  in  the  etching  process  when  HCl  was 
employed. 
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Comparison  of  Thermo!  Desorption 
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Fig.  4.  TPD  from  layers  produced  from  CI2  and  HCl  adsorption  to 
saturation  coverage  on  Si(100)-(2  x  1).  Heating  rate  is  about 
3.6Ks-‘. 

Following  the  adsorption  of  CI2  on  Si(  100),  HREELS 
was  utilized  to  determine  whether  the  SiCl2(a)  species 
could  be  detected  following  an  increase  in  the  crystal 
temperature  to  about  850  K,  and  subsequent  cooling  to 
100  K.  The  HREEL  spectrum  remained  essentially  the 
same,  exhibiting  a  single  Si -Cl  stretching  mode  of  the 
surface  monochloride  shown  in  Fig.  2,  spectrum  a,  with 
a  reduced  intensity  and  a  slightly  reduced  frequency  (to 
about  570  cm"^)  as  a  result  of  the  reduction  of  surface 
chlorine  coverage.  Thus,  SiCl2(a)  formation  is  probably 
the  rate-determining  step  for  SiCl2(g)  liberation,  and 
cannot  be  spectroscopically  detected  on  the  surface 
because  of  its  low  surface  coverage. 


4.  Conclusions 

The  following  conclusions  may  be  made  from  these 
studies  of  CI2  and  HCl  chemisorption  on  Si(lOO)- 
(2  X  1). 


(1)  Dissociative  adsorption  of  both  CI2  and  HCl 
occurs  on  Si(100)-(2x  1)  at  100  K.  The  vibrational 
spectra  produced  from  CI2  and  HCl  adsorption  indicate 
that  Si -Cl  bonds  are  formed  in  both  cases.  For  HCl 
chemisorption,  the  Si-H  bond  is  also  observed. 

(2)  For  CI2  adsorption,  about  one  Cl  atom  per  Si 
dangling  bond  is  produced  at  saturation  coverage.  In 
addition,  the  saturation  coverage  of  chlorine  from  CI2 
adsorption  is  about  4  times  greater  than  that  from  HCl 
adsorption.  This  result  implies  that  HCl  adsorption 
involves  an  adsorption  site  exclusion  process,  where 
neither  H(a)  nor  Cl(a)  species  can  populate  one-half  of 
the  dangling  bond  sites  exposed  on  Si(100)-(2  x  1). 

(3)  ESDIAD  studies  indicate  that  the  Si-Cl  bonds 
are  inclined  25  °  ±  4°  away  from  the  surface  normal 
direction  along  planes  perpendicular  to  the  surface  con¬ 
taining  the  Si -Si  dimer  bonds. 

(4)  SiCl2  is  the  main  etching  product  observed  from 
thermal  desorption  studies  of  CI2  and  HCl  on  Si(lOO). 
It  desorbs  above  800  K  in  both  cases.  HREELS  studies 
indicate  that  SiCl2(a)  is  not  produced  in  measurable 
amounts  on  heating  the  surface.  This  indicates  that  the 
rate-determining  step  for  SiCl2(g)  desorption  is  the 
conversion  of  SiCl(a)  species  to  SiCl2(a)  species  which 
then  desorb. 


Acknowledgments 

This  work  was  supported  by  the  Office  of  Naval 
Research.  The  authors  would  like  to  acknowledge  Mr. 
S.  R.  Lucas  for  his  reference  TPD  result  for  CI2/ 
Si(lOO). 


References 

1  J.  Nichizawza,  K.  Aoki  and  S.  Suzuki,  J.  Cryst,  Growth,  (1990) 
502. 

2  R.  Kobayashi,  K.  Ishikawa,  S.  Narahara  and  F.  Hasegawa,  2nd 
Int.  Symp.  on  Atomic  Layer  Epitaxy,  Raleigh,  NC,  1992. 

3  M.  C.  Chuang  and  J.  E.  Cobum,  J.  Vac.  Sci.  Technol.  A,  8  (1990) 
1969. 

4  J.  O.  Chinn  and  E.  D.  Wolf,  J.  Vac.  Sci.  Technol.  B,  T  (1985)  410. 

5  P.  C.  Zalm,  A.  W.  Kolfschoten,  F.  H.  M.  Sanders  and  P.  Vischer, 
Nucl.  Instrum.  Methods  B,  18  (1987)  625. 

6  R.  B.  Jackman,  H.  Ebert  and  J.  S.  Foord,  Surf.  Sci.,  176  (1986) 
183. 

7  W.  Sesselmann  and  T.  J.  Chuang,  J.  Vac.  Sci.  Technol.  B,  3  (1985) 
1507. 

8  W.  Sesselmann,  E.  Hudeczek  and  F.  Bachmann,  J.  Vac.  Sci. 
Technol.  B,  7  (1989)  1284. 

9  M.  J.  Bozack,  L.  Muehlhoff,  J.  N.  Russell,  Jr.,  W.  J.  Choyke  and 
J.  T.  Yates,  Jr.,  J.  Vac.  Sci.  Technol.  A,  5(1987)  1. 

10  A.  Winkler  and  J.  T.  Yates,  Jr.,  J.  Vac.  Sci.  Technol.  A,  6  (5) 
(1988)  2929. 

1 1  K.  Nakamoto,  in  Infrared  Spectra  of  Inorganic  and  Coordination 
Compounds,  Wiley,  New  York,  4th  edn.,  1986. 


144 


Q.  Gao  et  al.  /  Cl 2  and  HCl  adsorption  on  Si(100)-(2  x  1) 


12  M.  C.  Tobin,  J.  Am.  Chem.  Soc.,  75(1953)  1788. 

K.  Shimizu  and  H.  Murata,  Bull.  Chem.  Soc.  Jpn.,  32  (1959)  46. 

L.  Burnelle  and  J.  Duchesne,  J.  Chem.  Phys.,  20  (1952)  1324. 

J.  Lanne,  Spectrochim.  Acta  A,  26  (1970)  517. 

13  H.  Wagner,  R.  Butz,  U.  Backes  and  D.  Bruchmann,  Solid  State 
Commun.,  5^(1981)  1155. 

Y.  J.  Chabal,  Surf.  Sci.  Rep.,  8  (1988)  211. 

H.  Ibach,  H.  Wagner  and  D.  Bruchmann,  Solid  State  Commun., 
42(1982)  457. 

14  Q.  Gao,  C.  C.  Cheng,  P.  J.  Chen,  W.  J.  Choyke  and  J.  T.  Yates, 
Jr.,  J.  Chem.  Phys.,  submitted. 


15  R.  D.  Ramsier  and  J.  T.  Yates,  Jr.,  Surf  Sci.  Rep.,  12  (1991)  243. 

16  T.  E.  Madey,  Science,  234  (1986)  316. 

17  J.  T.  Yates,  Jr.,  M.  D.  Alvey,  M.  J.  Dresser,  M.  A.  Henderson,  M. 
Kiskinova,  R.  D.  Ramsier  and  A.  Szabo,  Science,  225  (1992) 
1397. 

18  Z.  Miskovic,  J.  Vukanic  and  T.  E.  Madey,  Surf  Sci.,  169  (1986) 
405. 

19  D.  P.  Woodruff,  Surf  ScL,  124  (1983)  320. 

20  C.  C.  Cheng,  S.  R.  Lucas,  H.  Gutleben,  W.  J.  Choyke,  and  J.  T. 
Yates,  Jr.,  J.  Am  Chem.  Soc.,  114  (1992)  1249. 

Unpublished  results,  1992. 


Thin  Solid  Films,  225  (1993)  145-149 


145 


Group  IV  atomic  layer  epitaxy 

Max  N.  Yoder 

Electronics  Division,  Office  of  Naval  Research,  Arlington,  VA  22217  (USA) 


Abstract 

Group  IV  atomic  layer  epitaxy  (ALE)  provides  special  challenges  in  that  the  conventional  alternation  of  anion  and 
cation  species  is  not  applicable.  New  experimental  approaches  are  proposed  that  synergistically  combine  to  gain 
real-time,  in  situ  information  on  the  surface,  its  activation  energy,  reconstruction,  and  work  function  so  as  to  choose 
optimally  feedstock  molecules.  New  computer  codes  in  computational  chemistry  are  expected  to  stimulate  further  a 
synergistic  approach  to  group  IV  ALE. 


1.  Limited  options 

The  traditional  atomic  layer  epitaxy  (ALE)  approach 
employed  in  II -VI  and  III-V  materials  employs  a 
cyclic  alternation  of  the  cation-containing  and  anion- 
containing  reactant  species.  This  approach  is,  of  course, 
without  merit  in  the  growth  of  elemental  semiconduc¬ 
tors  such  as  tin,  germanium,  silicon,  diamond,  or  even 
selenium.  The  growth  of  these  elemental  semiconduc¬ 
tors  by  ALE  demands  a  deeper  investigation  to  delin¬ 
eate  the  most  efficacious  aspects  of  the  processes 
involved.  A  primary  requirement  is  a  self-limiting  ad¬ 
sorption  process  or  a  process  wherein  all  except  a  single 
atomic  layer  of  adsorbate  is  easily  removed  prior  to 
enabling  further  the  chemical  reactivity  of  the  surface. 
Compounds  and  alloys  composed  solely  of  group  IV 
elements  such  as  silicon  carbide  (SiC),  Si-Ge,  Ge-Sn, 
and  C-Si-Ge  are  weakly  ionic  in  nature  and  may  be 
amenable  to  conventional  alternation  of  cation  and 
anion  species,  but  to  date  this  has  not  been  reported. 
Alternations  between  Lewis  acid  and  Lewis  base  species 
may  be  appropriate  as  are  alternations  between  hy¬ 
drides  and  halides  [1,  2].  While  initial  approaches  using 
alternations  between  halides  and  hydrides  used  molecu¬ 
lar  species,  much  faster  reactions  can  be  ensured  by  the 
alternation  of  radical  species  of  halides  and  hydrides 
[3].  Halides  and  hydrides  can  be  combined  into  a  single 
reactant  such  as  SiCl2H2  or  SiH2Cl2  and  H2  adsorbed 
at  lower  temperatures  (e.g.  below  350  °C)  followed  by 
“activation”  with  synchrotron  radiation  or  rapid  ther¬ 
mal  processing  [4,  5].  The  presence  of  halides,  however, 
can  wreck  havoc  with  the  surfaces  of  many  growth 
reactors.  To  circumvent  the  use  of  halides,  adsorbing 
hydrides  such  as  GeC2H7  or  GeCHs  have  been  used 
[6-8].  Unfortunately,  extensions  of  this  approach  to 
siliconaceous  hydrides  resulted  in  unacceptable  car¬ 
bon  contamination.  A  different  siliconaceous  hydride 


(Si2H6),  however,  can  be  used  to  grow  silicon  layer  by 
layer  [9,  10]. 

This  process  involves  deposition  at  temperatures  be¬ 
tween  150  and  550  °C  followed  by  a  UV  irradiation  to 
desorb  hydrogen  and  to  prepare  the  surface  for  the 
subsequent  exposure  of  Si2H6.  In  this  approach  temper¬ 
atures  rise  during  UV  irradiation,  creating  temperature 
transients  with  unknown  consequences.  Large  area 
growth  may  also  be  difficult  using  the  excimer  lasers 
currently  employed.  These  problems  can  be  overcome 
by  further  dissociating  the  deposited  radicals  with  re¬ 
motely  generated  plasmas  creating  ions  impacting  the 
surface  with  low  translational  energies  [11].  Helium 
ions  were  found  to  be  more  effective  than  argon  ions  in 
that  their  mass  was  closer  to  that  of  the  hydrogen  to  be 
removed. 

A  major  limitation  of  all  the  above  processes,  how¬ 
ever,  is  that  they  only  considered  the  deposition  of 
radicals  or  molecules  applied  with  energies  on  the  order 
of  0.5  to  a  few  kT  where  T  seldom  exceeds  the  temper¬ 
ature  of  the  substrate. 


2.  Supersonic  jets  and  atomic  layer  epitaxy 

While  many  chemical  reactions  necessary  for  ALE 
can  be  shown  to  be  exothermic  in  nature,  energy  barri¬ 
ers  can  exist  that  preclude  the  reaction  from  occurring 
at  acceptable  substrate  growth  temperatures.  This  situa¬ 
tion  arises  most  frequently  when  the  precursor 
molecules  contain  chemical  bonds  that  are  significantly 
stronger  than  are  the  bonds  within  the  resultant  crystal 
being  deposited.  While  it  is  easy  to  show  that  frequently 
the  desired  chemical  reactions  can  typically  be  achieved 
by  the  use  of  chemical  radicals  rather  than  molecules, 
the  generation  of  these  radicals  can  be  a  problem,  the 
radicals  tend  to  be  more  reactive  with  reactor  walls,  and 
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their  presence  in  the  reactor  is  more  likely  to  lead  to 
unwanted  gas  phase  reactions.  Alternative  approaches 
that  ensure  precursor  dissociation  only  on  the  growth 
surface  are  desirable. 

2.1.  Cluster  beam  deposition 

Supersonic  expansion  jets  for  cluster  beam  deposition 
gained  notoriety  in  the  1970s.  Leading  proponents  were 
Yamada  and  Takagi  [12,  13].  Although  very  high  qual¬ 
ity  films  have  been  made  by  ionized  cluster  beams,  the 
cluster  sizes  typically  vary  from  500  to  1000  atoms;  this 
approach  does  not  appear  amenable  to  ALE  technol¬ 
ogy.  For  ALE,  the  “cluster  size”  must  be  absolutely  no 
more  or  no  less  than  one  single  molecule.  With  such 
restrictions,  the  apparatus  necessary  to  generate  the 
beams  is  very  different  from  that  required  for  conven¬ 
tional  cluster  beam  epitaxy.  When  limited  to  single 
molecule  sizes  for  ALE  applications,  supersonic  jet 
technology  has  no  meaningful  relationship  with  cluster 
beam  technology. 

2.2.  Supersonic  molecular  beams 

Supersonic  jets  of  molecules  have  been  known  for 
years.  An  excellent  introduction  and  historical  sum¬ 
mary  is  provided  by  Anderson  [14].  Supersonic  jet 
epitaxy  can  be  explained  in  simple  terms,  yet  a  great 
deal  of  calculation  and  sophistication  has  gone  into  its 
development.  In  simple  terms,  a  gas  is  forced  down  a 
tube  and  exhausted  into  a  lower  pressure  region.  For  a 
given  pressure  differential,  the  velocity  of  the  gas 
molecules  is  inversely  dependent  on  their  molecular 
weight.  On  exiting  into  the  lower  pressure  region, 
Joule-Thompson  cooling  occurs.  If  the  exit  region  is  a 
high  vacuum  region,  the  vibrational  and  rotational 
energy  of  the  molecules  can  be  reduced  to  energies 
equivalent  to  those  of  a  few  kelvins,  while  the  transla¬ 
tional  kinetic  energy  is  primarily  dependent  on  the 
pressure  differential  and  can  be  very  accurately  con¬ 
trolled.  The  residual  vibrational  and  rotational  energies 
are  primarily  dependent  on  nozzle  temperature,  molecu¬ 
lar  weight,  and  pressure  differential.  As  early  as  1954, 
Becker  and  Bier  observed  that,  by  “seeding”  heavier 
molecules  into  a  lighter  gas,  the  effective  beam  intensity 
significantly  increased  [15].  In  this  manner  light  {e.g. 
H2  )  or  light  and  inert  {e.g.  helium)  gases  can  be  used  to 
propel  heavier  ‘  molecules  {e.g.  propene)  (diluted  to 
about  a  1%  mixture)  at  the  speed  of  the  lighter  gas 
rather  than  at  the  lower  limitation  imposed  by  the 
pressure  differential  if  only  the  heavier  molecules  were 
used.  At  any  given  pressure  differential,  the  effective 
increase  in  kinetic  translational  energy  on  the  target  is 
approximately  proportional  to  the  ratio  of  molecular 
weights  of  the  heavy  and  light  molecules  in  the  gas.  In 
this  manner,  the  kinetic  energy  on  target  can  be  up  to 
tens  of  electronvolts  per  molecule  [16].  This  is  enough 


to  dissociate  the  heavy  molecule  on  impact  with  the 
surface.  (Since  the  native  surface  atoms  typically  are 
doubly  or  triply  bonded  to  the  underlying  substrate, 
they  are  seldom  removed  from  their  lattice  site  unless 
the  impacting  energy  exceeds  about  five  times  the  band 
gap  of  the  underlying  crystal.)  An  excellent  tutorial  on 
supersonic  jet  technology  is  presented  by  one  of  its 
leading  advocates,  Ceyer  [17].  In  this  article,  the  tech¬ 
nology  is  explained  in  two  models.  The  first  explains 
that  the  molecule  being  “hurled”  at  the  surface  is 
dissociated  as  an  exclusive  function  of  its  translational 
or  vibrational  energy.  The  immediate  products  of  this 
event  are  largely  independent  of  surface  temperature. 
The  dissociation  creates  radicals  termed  precursors  that 
are  chemisorbed  to  the  surface.  The  further  dissociation 
and  bonding  of  this  precursor  are  modeled  as  being 
largely  independent  of  the  initial  impact  and  are  highly 
dependent  on  the  surface  temperature.  It  has  been 
demonstrated  that  the  energy  distribution  as  expressed 
by  the  full  width  at  half-maximum  (FWHM)  of  a 
seeded  CCI4  molecule  in  helium  gas  experiencing  a 
1  atm  pressure  drop  into  a  vacuum  can  be  as  little  as 
0.1  eV  with  a  mean  energy  of  1.6  eV.  The  FWHM  is 
typically  inversely  proportional  to  the  Mach  number  at 
Mach  numbers  exceeding  4.  This  energy  distribution 
compares  with  only  about  11%  of  the  total  flux  from  a 
conventional  thermal  effusion  cell  being  within  5%  of 
the  mean  molecular  velocity.  The  importance  of  this 
finding  to  ALE  is  that  energy  on  target  can  be  con¬ 
trolled  so  as  to  exceed  or  equal  the  activation  energy 
necessary  for  chemisorption,  but  to  have  no  tail  distri¬ 
bution  contributing  to  unwanted  physisorption  or  un¬ 
wanted  bond  breaking.  Peak  flux  density  can  be  as 
much  as  2000  times  that  from  an  effusion  cell.  Finally, 
it  should  be  stated  that  although  most  of  the  supersonic 
jet  epitaxy  experiments  to  date  have  been  conducted  in 
vacuum  systems,  there  is  no  fundamental  reason  why 
the  approach  cannot  be  applied  to  atmospheric  pressure 
systems.  Anyone  observing  an  oil  well  blowout  can 
readily  attest  to  the  supersonic  jet  exhibiting  several 
Mach  rings  in  its  stem  before  “umbrellaing”. 

3.  In  situ  characterization 

In  recent  years  several  new  sets  of  instrumentation 
have  been  developed  that  enable  real-time,  in  situ  char¬ 
acterization  of  the  growth  process.  Among  them  are 
reflection  difference  spectroscopy,  scanning  tunneling 
microscopy,  and  its  counterpart  atomic  force  micro¬ 
scopy.  In  addition,  there  are  the  electron  microscopies. 
Two  are  particularly  attractive  to  the  observation  of 
single-layer  growth  and  therefore  of  great  interest  to  the 
ALE  community.  Both  rely  heavily  on  phase  contrast. 
They  are  (1)  low  energy  electron  microscopy  (LEEM) 
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and  its  predecessor  and  closely  related  cousin  photoe¬ 
mission  electron  microscopy  (PEEM)  and  (2)  reflection 
high  energy  electron  microscopy  (RHEEM).  Each  (in 
real  time)  reveal  the  dynamic  microtopographic  details 
of  the  changing  surface.  Each  can  also  be  quickly 
“reprogrammed”  to  image  in  reciprocal  space  thereby 
providing  the  well-known  low  energy  electron  diffraction 
and  reflection  high  energy  electron  diffraction  (RHEED) 
patterns  to  ascertain  the  crystallinity  of  the  changing 
surface.  A  comprehensive  tutorial  on  the  LEEM  tech¬ 
nology  has  been  published  by  its  progenitor  and  leading 
advocate,  Bauer  [18].  Figure  1  depicts  four  selected 
frames  of  a  PEEM  video  descriptive  of  a  monolayer  of 
carbon  being  deposited  on  an  oxygen-terminated  molyb¬ 
denum  surface.  The  step  and  terrace  on  the  surface  is 
evident.  The  length  of  the  step  edge  is  approximately 
100  pm.  On  the  terrace  is  a  dust  particle  (dark)  that 
serves  as  a  nucleating  point  for  symmetrical  self-limiting 
growth  of  a  monolayer  of  carbon  (light)  around  it.  The 
step  edge  is  also  a  nucleating  place  for  the  carbon.  As 
seen  in  the  series,  the  monolayer  carbon  growth  from  the 
step  edge  eventually  coalesces  with  that  from  the  dust 
particle.  This  figure  was  supplied  by  Dr.  Martin 
Kordesch  of  Ohio  University  depicting  ongoing  work  at 
that  institution  supported  by  the  Strategic  Defense  Ini¬ 
tiative  Organization.  Details  of  the  RHEEM  technology 
can  be  found  elsewhere  [19,  20].  LEEM-PEEM- 
RHEEM  appear  to  be  ideally  suited  to  observe  in  situ. 


in  real  time,  when  chemisorption  has  occurred  and  (by 
virtue  of  their  reciprocal  space  imaging  capability)  to 
determine  whether  that  adsorbed  layer  was  deposited  in 
a  crystalline,  polycrystalline,  or  amorphous  state.  As 
such,  they  appear  ideally  suited  to  ALE  instrumentation. 
Initial  in  situ  observations  of  group  IV  growth  by  LEEM 
are  beginning  [21].  Here  germanium  was  grown  on  an 
arsenic-terminated  silicon  surface.  Each  monolayer 
grown  was  observed  to  rotate  the  surface  reconstruction 
alternating  between  2x1  and  1  x  2. 

3.L  Synergism 

Figure  2  is  a  composite  typical  of  molecular  flux 
distributions  from  effusion  and  supersonic  jet  sources. 


Fig.  2.  Unseeded  molecular  beam  flux  with  Mach  number  as 
parameter. 


Fig.  1.  Sequential  PEEM  images  of  carbon  monolayer  deposition  on  oxygen-terminated  molybdenum. 
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Of  particular  note  is  the  relative  energy  of  a  typical 
activation  energy  associated  with  a  given  deposition 
process.  It  is  apparent  that  only  a  limited  percentage 
of  the  thermal  effusion  flux  is  at  a  sufficient  energy  to 
react  while  the  flux  energy  from  the  supersonic  jet  can 
be  controlled  so  as  to  exceed  that  required  for 
chemisorption.  If  this  deposition  is  done  in  a  pulsed 
manner  (such  as  would  be  typical  in  an  ALE  process) 
then,  between  pulses,  LEEM-PEEM-RHEEM  imag¬ 
ing  can  be  done.  In  this  manner,  the  supersonic  jet 
energy  can  be  dynamically  adjusted  to  ensure  that  it 
was  at  least  of  sufficient  mangitude  to  exceed  the  acti¬ 
vation  energy  required  for  chemisorption.  More  im¬ 
portantly,  however,  the  energy  can  be  controlled  to 
affect  maximum  efficiency  for  the  process  and  to  en¬ 
sure  that  excessive  energy  was  not  used.  In  compound 
semiconductor  growth  and  in  heterojunction  growth, 
the  ideal  substrate  temperature  for  chemisorbing  a 
given  molecule  is  not  the  same  as  that  required  for  a 
subsequent,  but  different,  molecule.  Using  a  combina¬ 
tion  of  supersonic  jet  deposition  and  LEEM-PEEM- 
RHEEM,  substrate  temperature  can  be  held  constant 
while  impact  energy  is  dynamically  adusted  for  opti¬ 
mum  results. 


4.  Computational  chemistry 

Reference  17  describes  inter  alia  how  CH4  was 
“hurled"’  at  a  nickel  surface  at  an  energy  of 
17kcalmol“^  and  how  the  surface  was  then  character¬ 
ized  by  electron  energy  loss  analysis.  The  model  de¬ 
scribing  the  results  indicated  that  the  CH4  molecule  was 
first  flattened  and  then  lost  a  hydrogen  atom  by  quan¬ 
tum  tunneling  in  the  process  of  chemisorbing  to  the 
nickel  surface.  These  findings  are  relevant  to  ALE,  of 
course,  because  nickel  is  nearly  lattice  matched  to  dia¬ 
mond  and  ALE  is  under  active  pursuit  as  a  means  of 
heteroepitaxially  nucleating  single-crystal  diamond.  To 
verify  and  refine  this  model,  new  ab  initio  calculations 
have  been  pursued  to  permit  a  more  accurate  descrip¬ 
tion  of  this  process  [22].  Other  computational  ap¬ 
proaches  using  molecular  dynamics  have  graphically 
depicted  in  0.001  ps  intervals  the  chemisorption  (or 
alternatively  the  reflection)  of  molecules  on  group  IV 
surfaces  as  a  function  of  impact  energy  [23].  Later 
simulations  by  this  group  have  depicted  the  impact  of 
radicals  at  various  energies  [24].  One  particular  study 
has  shown  that  the  CH3  radical  impacting  diamond  at 
an  energy  of  about  0,5kT  bounces  off,  but  the  same 
radical  impacting  at  2.0  eV  chemisorbs,  while  an  impact 
energy  of  5.0  eV  will  cause  it  to  bounce  off.  Computa¬ 
tional  chemistry  may  provide  the  tools  to  optimize  both 
the  choice  of  reactants  and  the  energy  for  their  self- 
limiting  chemisorption. 


4.7.  More  synergism 

While  computational  chemistry  is  becoming  increas¬ 
ingly  capable  of  calculating  the  optimized  energies  for 
chemisorption,  in  situ  characterization  results  shown  in 
Fig.  1  (and  other  RHEED  studies  as  well)  indicate  that 
crystal  growth  proceeds  primarily  at  the  step  edges  on 
slightly  vicinal  surfaces  rather  than  on  the  terraces  as 
computed.  Working  interactively,  in  situ  characteriza¬ 
tion  techniques  not  only  can  verify  predicted  chemi¬ 
sorption,  but  also  can  provide  the  data  that  would 
lead  to  more  realistically  applicable  computations  {e.g. 
step  edge  vs.  terrace  growth).  Together,  a  synergetic 
approach  accrues. 

5.  Discussion 

Many  new  techniques  have  recently  evolved  that  are 
each  expected  to  have  a  significant  impact  on  group  IV 
ALE  growth.  Taken  separately,  however,  misleading 
conclusions  can  be  drawn  in  situations  akin  to  the 
“blind  man  and  the  elephant”.  Taken  together  in  an 
integrated  system,  a  new  era  is  dawning  that  is  expected 
to  engender  a  more  scientific  approach  to  crystal 
growth. 
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Abstract 

The  surface  chemistry  of  adsorbed  halogen  atoms  on  Si(lOO)  has  been  studied  using  several  surface  science  methods. 
It  has  been  found  that  Cl  atoms  bond  to  dangling  bonds  on  symmetric  Si2  dimer  sites,  and  that  the  Si-Cl  bond 
angle  is  tilted  25  ±  4°  from  the  normal  in  the  vertical  plane  containing  the  Si2  dimer  bond.  The  covalently  bonded 
halogens  Cl,  Br,  and  I  have  been  studied  on  Si(lOO)  using  atomic  H  bombardment  at  low  substrate  temperatures 
(300-630  K).  In  all  cases,  facile  elimination  of  the  hydrogen  halide  occurs,  and  the  coverage  of  halogen  may  be 
driven  to  zero  by  moderate  exposure  to  atomic  H.  The  halogen  extraction  process  is  almost  non-activated, 
suggesting  that  the  chemical  reaction  to  produce  hydrogen  halide  species  is  driven  by  the  potential  energy  carried 
by  the  atomic  H  species.  This  is  an  example  of  an  Eley-Rideal  reaction  process  and  provides  a  potentially  useful 
new  approach  for  controlling  atomic  layer  chemistry  on  semiconductors. 

Atomic  H  driven  extraction  of  adsorbed  methyl  (CH3)  species  on  Si(lOO)  is  also  observed  to  occur  with  lower 
efficiency  than  halogen  extraction.  Thermal  desorption  studies  indicate  that  the  C  extraction  process  occurs  as  the 
result  of  atomic  H  induced  etching  of  the  surface,  producing  gas  phase  alkyl  silanes  such  as  CH3SiH3. 


1.  Introduction 

The  development  of  low  temperature  surface  pro¬ 
cesses  to  manipulate  adsorbed  species  on  semiconduc¬ 
tor  surfaces  provides  the  basis  for  new  methods  to 
produce  heterostructure  semiconductor  devices.  Our 
knowledge  of  the  fundamentals  governing  chemistry  on 
semiconductor  surfaces  is  in  its  infancy,  and  mechanis¬ 
tic  understanding  of  elementary  semiconductor  surface 
processes  is  needed  [1].  In  this  paper,  two  new  classes  of 
surface  reactions  involving  atomic  H  as  a  reagent  are 
described.  It  is  expected  that  the  principles  governing 
these  two  types  of  atomic  H  driven  surface  chemistries 
will  find  application  in  a  wide  range  of  semiconductor 
surface  processes. 

2.  Experimental  details 

The  ultrahigh  vacuum  apparatus  and  methods  used 
for  this  research  have  been  described  previously  [2].  The 
methods  employed  include  temperature  programmed 
desorption,  Auger  electron  spectroscopy,  high  resolu¬ 
tion  electron  energy  loss  spectroscopy  (HREELS),  and 
digital  ESDIAD  electron-stimulated  desorption  ion  an¬ 
gular  distribution  [3].  Adsorbate  gases  are  adsorbed  on 
the  single  crystal  surface  using  collimated  molecular 
beam  dosers  which  deliver  an  absolutely  known  flux  of 
gas,  permitting  quantitative  exposures  and  uptake  mea¬ 
surements  to  be  made  [4]. 


3.  Results  and  discussion 

3A.  Structure  of  chemisorbed  Cl  on  Si(100)  —  (2  x  1) 

Figure  1  shows  a  schematic  diagram  of  the  digital 
ESDIAD  apparatus  employed  for  this  work  [3].  An 
electron  beam  excites  surface  species  on  the  Si(lOO) 
single  crystal,  producing  beams  of  positive  ions  which 
are  spatially  detected  by  the  microchannel  plate  detec¬ 
tor  system.  The  pattern  of  ion  emission  angles  is  closely 
related  to  the  direction  of  the  surface  chemical  bonds 
which  are  ruptured  by  the  electronic  excitation  process 
[5].  These  ion  emission  directions  are  modified  by  final 
state  image  and  reneutralization  effects  [6],  as  well  as  by 
the  electrical  bias  applied  to  the  crystal  for  pattern 
compression.  Because  the  ion  emission  dynamics  is 
governed  by  rapid  Franck— Condon  excitation  from  the 
ground  state  to  a  repulsive  upper  state,  the  statistical 
summation  of  millions  of  ion  emission  directions  from 
an  ensemble  of  adsorbate  species  on  a  single  crystal  will 
provide  a  statistical  measurement  of  the  distribution  of 
chemical  bond  angles  caused  by  thermal  disorder  at  the 
measurement  temperature.  This  permits  digital  ES¬ 
DIAD  to  be  used  also  as  a  powerful  tool  for  the  study 
of  the  dynamical  behavior  of  adsorbates  [5]. 

Figure  2  shows  a  sequence  of  CD  ESDIAD  patterns 
from  chlorine  adsorption  on  Si(lOO)— (2  x  1)  [7,  8].  At 
an  adsorption  temperature  of  120  K,  a  normal  CD  beam 
is  observed  to  overlap  an  underlying  CD  pattern  exhibit¬ 
ing  four  fold  symmetry.  On  annealing  the  Cl-cov- 
ered  surface  to  temperatures  above  120  K,  the  central 
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Fig.  1 .  Digital  ESDIAD  apparatus  for  imaging  chemical  bond  directions  in  adsorbed  species. 


(a)  T  =  120K 


(b)  =  423K 


(C)  T,„neal  =  673K 


[on] 

Fig.  2.  ESDIAD  patterns  of  CI+  from  Si(lOO)  as  a  function  of 
annealing  temperature.  The  initial  Cl  coverage  is  near  ML. 

C1+  beam  is  seen  to  disappear,  revealing  the  inclined 
beams  which  become  more  pronounced.  This  process 
culminates  at  about  673  K.  We  believe  that  the  normal 
Cl'^  beam  is  caused  by  a  minority  of  adsorbed  Cl  atoms 
which  bridge  the  symmetric  Si  dimer  sites.  These  species 
have  a  high  cross-section  for  BSD  production  of  Cl^, 
and  the  normal  emission  from  these  bridged-Cl  species 
therefore  dominates  the  low  temperature  ESDIAD  pat¬ 
tern.  As  the  system  is  heated,  the  bridged-Cl  species 
convert  to  single-bonded  Cl  species,  with  the  inclined 
Si- Cl  bonds  oriented  in  the  vertical  plane  which  in¬ 
cludes  the  [Oil]  crystallographic  axis.  This  azimuthal 
plane  corresponds  to  the  Si -Si  bond  directions  in  the 
Si2  surface  dimers  on  an  Si(lOO)  terrace.  The  orthogo¬ 


HREELS  Study  of  Spectral  Changes 
During  Annealing-CI/Si(lOO)-(2x1 ) 


Fig.  3.  FiREELS  study  of  the  spectral  changes  as  a  function  of 
annealing  temperature. 

nal  Si -Cl  beam  directions  correspond  to  inclined  Si -Cl 
bonds  (angle  25  ±  4°)  on  the  mixture  of  two  types  of 
crystal  terraces  present  on  the  slightly  misaligned 
Si(lOO)  crystal. 

Figure  3  shows  the  vibrational  behavior  of  the  sur¬ 
face  as  a  chlorine  layer  is  heated  over  the  same  temper- 
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ature  range  as  used  in  the  ESDI  AD  experiments  [8].  At 
100  K,  two  Cl-related  vibrational  modes  are  observed 
at  600  cm" ‘  and  at  about  300  cm" ^  The  600  cm”’ 
mode  is  due  to  the  Si- Cl  stretching  mode  of  the 
inclined  Si -Cl  bonds.  Its  frequency  and  intensity  re¬ 
main  almost  constant  as  the  heating  process  occurs. 
The  weak  mode  at  about  300  cm"’  is  assigned  to  a 
bridging-Cl  species,  linked  between  two  Si  atoms  in  a 
dimer  pair  on  the  Si(lOO)— (2  x  1)  surface.  The  good 
analogy  to  the  vibrational  frequency  of  bridging-Cl  in 
compounds  such  as  AI2CI6  was  employed  to  make  this 
assignment  [9].  The  vibrational  behavior  suggests  that 
the  bridging-Cl  species  is  a  minority  species,  since  the 
intensity  of  the  600  cm"’  mode  does  not  vary  signifi¬ 
cantly  during  the  heating  process  as  the  300  cm"’  mode 
decreases  in  intensity.  The  bridging-Cl  species  is 
metastable  with  respect  to  the  inclined  Si-Cl  species, 
which  is  the  most  stable  species  on  Si(lOO).  Similar 
behavior  was  observed  in  the  theoretical  calculations  of 
Wu  et  al  [10]  for  F  on  Si(lOO),  except  that  an  energy 
barrier  for  the  bridge-to-inclined  Si-F  structure  was  not 
predicted  theoretically.  The  large  change  observed  in 
the  Cl^  ESDI  AD  pattern  for  the  heating  range  100  K~ 
673  K  is  related  to  the  high  ESD  cross-section  for  C1+ 
production  from  the  small  surface  coverage  of  bridged- 
C1  which  exists  below  673  K. 

3.2.  Facile  extraction  of  chemisorbed  halogen  atoms 
by  atomic  H 

The  Si-Cl  bond  may  be  broken  easily  by  bombard¬ 
ing  the  surface  with  atomic  H,  produced  on  a  hot 
tungsten  filament  in  the  ultrahigh  vacuum  system  con¬ 
taining  a  low  pressure  of  molecular  H2  [11].  Figure  4 
shows  the  behavior  of  the  Cl  surface  coverage,  together 
with  similar  measurements  made  for  adsorbed  Br  and 
adsorbed  I  on  Si(lOO).  These  measurements  have  been 
made  in  a  way  in  which  the  small  effect  of  the  Auger 
electron  beam  on  the  halogen  coverage  has  no  effect  on 
the  interpretation.  The  fitted  curves  are  best  fits  to 
first-order  kinetics  in  halogen  surface  coverage  at  a 


™e(x103s) 

Fig.  4.  Atomic  H  extraction  for  halogen  adsorbates  from  Si(lOO). 


surface  temperature  of  300  K.  It  is  seen  that  the  relative 
rate  of  halogen  extraction  is  I  >  Br  >  Cl.  A  similar 
trend  has  been  observed  in  gas  phase  studies  for  the 
reaction  of  atomic  H  with  the  methyl  halides  to  pro¬ 
duce  hydrogen  halide  species  [12]. 

The  bromine  extraction  rate  was  studied  as  a  function 
of  the  pressure  of  H2  used  in  the  chamber,  as  seen  in 
Fig.  5.  The  flux  of  atomic  H  is  known  to  be  propor¬ 
tional  to  the  H2  pressure  under  these  conditions  [13]. 
As  the  H2  pressure  is  increased,  the  rate  of  Br  extrac¬ 
tion  increases  at  a  surface  temperature  of  430  K;  the 
inset  of  Fig.  5  shows  that  the  Br  extraction  rate  is 
linearly  proportional  to  the  atomic  H  flux  employed. 

The  temperature  dependence  of  the  atomic  H  in¬ 
duced  extraction  of  Br  was  measured  as  shown  in  Fig. 
6.  An  activation  energy  for  this  process  of  only 
1.6  ±  0.2  kcal  mol"’  was  measured  over  the  range 
300  K-630  K,  as  shown  in  the  inset  of  Fig.  6.  Similar 
studies  of  the  kinetics  of  extraction  of  adsorbed  Cl  gave 
an  activation  energy  of  2.1  ±0.2  kcal  mol"’  for  Cl/ 
Si(lOO).  These  low  activation  energies  are  indicative 
that  the  thermal  excitation  of  the  surface  species  is  of 
little  importance  in  governing  the  rate  of  the  halogen 
extraction  process. 

Considered  together,  the  kinetic  behavior  of  the  halo¬ 
gen  extraction  process  induced  by  atomic  H  corre¬ 
sponds  to  the  well-known,  but  infrequently  observed, 
Eley-Rideal  kinetic  process  [11].  The  process  involves 
the  use  of  the  potential  energy  carried  by  the  atomic  H 
to  produuce  the  active  complex  involved  in  the  removal 
of  surface  halogen.  An  active  complex.  Si  •  •  •  X  •  •  H, 
is  produced  when  atomic  H  collides  with  the  covalently 
bonded  halogen  atom  X.  Accommodation  of  the  in¬ 
coming  H  atom  by  the  Si  surface  is  not  required  in  this 
mechanism.  The  potential  energy  of  the  atomic  H  is 
52  kcal  mol"’  compared  with  \  H2(g),  and  this  energy  is 
the  primary  driver  for  the  halogen  extraction  process 
observed. 

The  Eley-Rideal  process  observed  for  atomic  H  as  a 
reagent  is  potentially  important  for  a  wide  range  of 
surface  chemistry.  Other  gas  phase  free  radical  species 
may  be  expected  to  be  active  in  similar  extraction 
processes  on  surfaces,  and  we  will  have  to  await  future 
experiments  before  knowing  the  full  implications  of 
these  first  observations  involving  the  most  simple  free 
radical  species,  atomic  H.  In  particular,  the  use  of 
atomic  H  extraction  procedures  for  removal  of  surface 
halogen  ligands  (present  in  atomic  layer  epitaxy  pro¬ 
cesses  involving  monolayers  of  group  IV  halide  species) 
is  expected  to  be  of  importance. 

3.3.  Extraction  of  adsorbed  methyl  groups  with  atomic  H 

The  chemisorption  of  methyl  iodide,  CH3I,  on 
Si(lOO)  has  been  shown  to  be  an  efficient  way  to 
produce  surface  methyl  groups  which  are  stable  up  to 
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Fig.  5.  H2  pressure  dependence  of  Br  extraction  rate  from  Si(lOO). 


Fig.  6.  Temperature  dependence  of  Br  extraction  rate  from  Si(lOO). 


about  600  K  [14,  15].  Therefore,  we  have  employed 
CH3I  as  a  source  of  CH3(a),  and  have  studied  the  effect 
of  bombardment  by  atomic  H  of  the  covalently  bonded 
CH3  groups.  Figure  7  shows  the  surface  temperature 
dependence  of  the  rate  of  removal  of  C  (as  CH3(a) 
species)  by  means  of  bombardment  by  atomic  H.  Com¬ 
pared  with  the  exposures  needed  for  halogen  extraction 
(Fig.  3),  atomic  H  is  much  less  effective  in  removing 
methyl  groups  from  the  surface.  In  addition,  the  tem¬ 
perature  dependence  of  the  rate  of  the  methyl  extrac¬ 
tion  process  is  opposite  to  that  seen  for  the  halogen 
extraction  process.  In  the  case  of  methyl  extraction,  the 
rate  decreases  above  a  surface  temperature  of  about 
450  K. 


Thermal  desorption  studies  show  that  CH3SiH3(g)  is 
evolved  following  atomic  H  bombardment  of  CH3(a) 
[15].  In  addition,  SiH4(g)  is  also  evolved  in  the  same 
temperature  range  near  600  K.  The  loss  of  surface 
methyl  therefore  occurs  as  a  result  of  atomic  H  etching 
of  the  Si(lOO)  surface.  The  decrease  in  rate  above  about 
450  K  is  caused  by  the  reduction  in  the  capacity  of  the 
surface  to  adsorb  H  at  this  temperature,  and  hence  to 
the  reduced  rate  of  etching  about  450  K. 

The  comparative  rate  of  removal  of  surface  methyl 
groups  and  surface  I  atoms  by  atomic  H  bombardment 
is  also  easily  seen  in  Fig.  8,  where  the  vibrational 
characterization  is  shown.  The  vibrational  spectrum 
shows  modes  related  both  to  the  Si -I  bond  and  to  the 
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Fig.  7.  Temperature  dependence  of  C  removal  from  CH3/Si(100)  by 
atomic  H. 


Fig.  8.  HREELS  study  of  atomic  H  extraction  of  iodine  from 
Si(lOO).  r  =  585  K. 


CH3(a)  species  produced  from  dissociative  adsorption 
of  CH3L  Atomic  hydrogen  efficiently  removes  the  ad¬ 
sorbed  iodine  Si -I  groups  first,  as  seen  by  the  preferen¬ 
tial  loss  of  v(Sil)  intensity. 

4,  Summary 

This  brief  review  of  the  use  of  atomic  H  as  a  reagent 
for  inducing  surface  reactions  on  Si  has  dealt  with  two 


entirely  different  types  of  elementary  surface  processes. 

(1)  Covalently  bonded  halogen  atoms  may  be  effi¬ 
ciently  removed  by  atomic  H  via  an  Eley-Rideal  process 
yielding  volatile  hydrogen  halide  species.  The  rate  of  the 
Eley-Rideal  process  is  almost  temperature  independent, 
indicating  that  thermal  activation  from  the  substrate  is 
of  little  importance  compared  with  the  activation  induced 
by  the  potential  energy  of  the  incident  atomic  H  itself. 

(2)  Covalently  bonded  methyl  groups  are  not  readily 
removed  from  Si(  100)  by  atomic  H  to  produce  methane. 
Instead,  etching  of  the  Si  surface  to  produce  species  such 
as  CH3SiH3  and  SiH4  is  the  dominant  route  for  methyl 
removal. 

(3)  These  two  types  of  extraction  processes  may  be 
useful  in  many  materials  processes  such  as  atomic  layer 
epitaxy. 
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Abstract 

The  chemistry  of  coadsorbed  H  and  X  (X  =  Cl,  Br)  on  semiconductor  surfaces  is  important  in  epitaxial  growth  of 
silicon  from  chlorosilanes  and  of  Sij^Gei_^  alloys,  in  hydrogenating -halogenating  cycles  in  atomic  layer  epitaxy, 
and  also  provides  an  interesting  model  system,  yet  has  received  little  attention  to  date.  We  have  investigated  the 
interaction  of  H,  HCl,  and  HBr  with  Ge(lOO)  by  temperature-programmed  desorption,  and  find  that  H2,  HCl,  and 
HBr  each  desorb  with  near-first-order  kinetics  near  570-590  K,  and  that  GeCl2  and  GeBr2  desorb  with  second-order 
kinetics  near  675  K  and  710  K  respectively.  Trends  in  the  chemistry  and  kinetics  can  be  rationalized  by  viewing  the 
dimer  atoms  on  clean  Ge(lOO)  —(2x1)  as  being  linked  by  a  strained  double  bond  and  adsorption,  decomposition, 
and  desorption  as  being  analogous  to  addition,  rearrangement,  and  elimination  reactions  of  molecular  germanium 
compounds.  The  near-first-order  desorption  kinetics  are  attributed  to  pairing  on  surface  dimers  induced  by  the  n 
bond  on  unoccupied  dimers.  We  infer  a  pairing  enthalpy  for  H  +  H  (approximately  the  n  bond  strength  of 
dimerized  Ge(lOO)  surface  atoms)  of  approximately  5kcalmol“’. 


1.  Introduction 

There  is  currently  great  interest  in  the  growth  by  atomic 
layer  epitaxy  (ALE)  of  the  Group  IV  semiconductors 
diamond,  silicon,  and  alloys.  Several  ALE 

processes  for  silicon  have  been  reported,  involving  alter¬ 
nating  halogenated-precursor- hydrogen  [1],  Si2H6- 
photothermally  induced  H2  desorption  [2],  or  Si3H8- 
thermally  induced  H2  desorption  [3]  cycles.  In  addition, 
chlorosilane  chemical  vapor  deposition  (CVD),  which 
involves  surface  hydrogen  and  chlorine  as  intermediates, 
has  been  the  dominant  epitaxial  silicon  growth  technol¬ 
ogy  for  20  years.  The  surface  chemistry  of  hydrogen  and 
of  coadsorbed  hydrogen  and  halogens  thus  plays  a  central 
role  in  both  the  ALE  and  CVD  of  silicon  and  of 
Ge^  Si  1  -  X  • 

In  this  paper  we  investigate  the  interaction  of  H,  HCl 
and  HBr  with  Ge(lOO)  by  temperature-programmed 
desorption  (TPD)  for  the  first  time,  focusing  on  the 
adsorption  kinetics  of  HCl  and  HBr  and  the  desorption 
kinetics  of  H2,  HCl,  HBr,  GeCl2,  and  GeBr2. 


2.  Experimental  details 

Experiments  were  performed  in  a  custom-built  vac¬ 
uum  chamber  [4]  (base  pressure  approximately 
1  X  10“^®Torr),  pumped  via  a  liquid-N2-trapped  diffu¬ 
sion  pump  and  titanium  sublimation  pump,  and 
equipped  with  LEED/ESDIAD  optics,  an  Auger  spec¬ 
trometer  (VSW  hemispherical  analyzer  HA- 100),  IR 
optics,  a  VG  SXP-400  quadrupole  mass  spectrometer 


(QMS)  with  a  water-cooled  shroud  mounted  on  a 
translation  system,  a  calibrated  gas  doser  [5],  an  ion 
gun,  and  a  tungsten  filament  used  for  dosing  of  atomic 
hydrogen.  The  sample  holder  was  mounted  on  a  rotat¬ 
able  manipulator  capable  of  translation  in  the  x-,  y-, 
and  z -directions. 

A  Ge(lOO)  sample  (Si-Tech,  Inc.),  cut  4^-6°  off  the 
(100)  plane  towards;  the  [011]  direction,  0.25-0.30  mm 
thick,  n-type,  p  =  5-40  Q  cm,  was  cut  into  a  rectangle 

13.4  mm  X  13.8  mm.  A  chromel-alumel  thermocouple 
was  cemented  into  a  small  hole  (approximately  0.5  mm 
diameter)  drilled  near  one  edge,  using  Aremco  516 
high-temperature  cement.  The  sample  was  mounted 
between  tantalum  foil  clips  attached  to  a  copper  block 
and  could  be  heated  resistively  to  above  873  K  and 
cooled  with  liquid  nitrogen  down  to  153  K.  The  active 
area  presented  to  the  doser  after  mounting  was 

11.5  mm  X  13.4  mm.  After  degreasing,  the  germanium 
sample  was  placed  in  the  chamber,  and  cleaned  by 
several  sputter-and-anneal  cycles  (i^^+ =2-3 

^^,.  =  500V,  r_eai  =  850K). 

Atomic  hydrogen  exposures  were  performed  by 
backfilling  the  ultrahigh  vacuum  analysis  chamber  with 
H2  to  pressures  of  2  x  10"^-5  x  10""^Torr  and  heating 
a  coiled  tungsten  filament  located  approximately  3  cm 
from  the  sample  to  1700-1800  K.  For  dosing  HCl  or 
HBr,  the  sample  was  rotated  to  face  the  doser  and  a 
known  amount  of  gas  was  admitted  to  the  chamber 
through  a  calibrated  aperture.  Computer  calculations  of 
flux  [6]  show  that,  for  this  sample  geometry,  17%  of 
the  molecules  leaving  the  doser  hit  the  sample,  giving  a 
flux  during  dosing  of  (4.11  +0.23)  x  10^^M"^^^P  s~\ 
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where  M  (g  morO  is  the  molecular  mass,  and  P  (Torr) 
is  the  pressure  upstream .  of  the  conductance-limiting 
orifice  [5]  during  dosing.  For  Ge(lOO),  one  monolayer 
(ML)  is  6.23  X  10’"^  atoms  cm”^,  and  is  used  below  to 
scale  both  doses  and  surface  coverages. 

All  coverages  were  determined  by  TPD.  A  coverage 
calibration  for  surface  hydrogen  was  obtained  by  TPD 
of  H2S,  whose  adsorption  as  H  -h  SH  [7]  saturates  at 
0.5  ML  [8],  and  which  yields  exclusively  H2  and  GeS 
upon  heating  [9].  HX  (X  =  C1  or  Br)  coverages  were 
determined  by  assuming  that  both  molecules  similarly 
reach  a  saturation  coverage  of  0.5  ML  of  H  +  X. 

After  dosing,  when  the  background  pressure  fell  to 
(2-3)  X  10 Torr,  the  sample  was  rotated  to  face  the 
entrance  slit  of  the  water-cooled  QMS  shroud,  at  a 
distance  of  approximately  0.5  cm.  The  temperature  was 
ramped  at  a  rate  of  2K  s"’,  controlled  by  a  Eurotherm 
temperature  controller,  and  QMS  signals,  multiplexed 
for  1-3  masses,  were  recorded  by  an  AT-compatible 
personal  computer. 


3.  Results 

TPD  traces  for  H2  following  atomic  hydrogen  expo¬ 
sures  are  shown  in  Fig.  1  for  various  initial  coverages 
0Q.  The  peak  desorption  temperature  at  all  initial 
coverages  is  about  570  K.  The  nearly  coverage-indepen¬ 
dent  values  of  Tp,  together  with  the  asymmetric  peak 
shape  at  initial  coverages  near  1  ML  indicate  near-first- 
order  desorption  kinetics  [10].  However,  the  slight  but 
readily  discernable  increase  in  and  the  more  symmet¬ 
ric  peak  shape  at  lower  initial  coverages  demonstrate  a 


rs(K) 

Fig.  1.  Temperature-programmed  desorption  (TPD)  data  for  H2 
following  exposure  to  atomic  hydrogen.  The  initial  hydrogen  cover¬ 
age  in  monolayers  0q  is  indicated  for  each  trace. 


Fig,  2.  Dependence  of  TPD  peak  temperature  of  H2  on  initial 
hydrogen  coverage.  Experimental  results  are  supplemented  by  predic¬ 
tions  of  the  doubly  occupied  dimer  model  as  a  parametric  function  of 
AHpair-  T’p  was  calculated  using  an  activation  energy  of  42  kcal  mol"^ 
and  a  pre-exponential  factor  of  2  x  10^^  s“^  for  k  and  a  heating  rate 
of  2Ks-^ 


slight  departure  from  first-order  kinetics,  as  also  occurs 
for  hydrogen  on  Si(lOO)  [11-13].  The  dependence  of 
on  00  is  shown  in  Fig.  2  together  with  theoretical 
curves  which  are  described  in  the  next  section. 

At  initial  hydrogen  coverages  above  1  ML  a  shoulder 
in  the  desorption  curve  appears  near  525  K  (Fig.  1). 
Hydrogen  in  the  dihydride  (GeH2)  configuration,  with 
two  hydrogen  atoms  bonded  to  a  single  surface  germa¬ 
nium  atom,  has  been  shown  to  decompose  at  a  lower 
temperature  than  the  GeH  monohydride  state  [14].  The 
dihydride  state  is  also  less  stable  than  the  monohydride 
on  Si(lOO)  [15-18],  yielding  an  H2  desorption  peak 
approximately  100  K  lower  in  temperature  than  the 
TPD  peak  from  the  monohydride  [11,  19].  The  shoul¬ 
der  in  Fig.  1,  therefore,  almost  certainly  corresponds  to 
decomposition  of  surface  dihydride.  The  fact  that  the 
onset  for  the  appearance  of  the  shoulder  occurs  at 
1  ML  supports  the  coverage  calibration  described 
above,  since  it  is  well  established  that  the  lower-temper¬ 
ature  TPD  peak  for  H2  on  Si(lOO)  begins  to  appear  at 
an  initial  coverage  pf  1  ML. 

Three  desorption  products  were  observed  following 
exposure  to  HX  (X  =  Cl  or  Br):  HX,  H2,  and  GeX2,  as 
shown  in  Figs.  3  and  4  for  HCl  and  HBr  respectively. 
In  both  cases  H2  desorption  occurs  near  570  K  after  a 
saturation  dose,  as  for  desorption  from  adsorbed  hy¬ 
drogen  alone,  with  increasing  to  around  580  K  at 
initial  coverages  of  approximately  0.05  ML.  The  depen¬ 
dence  of  Tp  for  the  H2  and  HX  desorption  peaks  on 
initial  HX  coverage  is  shown  in  Figs.  5  and  6  for  HCl 
and  HBr  respectively.  HCl  and  HBr  desorption  occurs 
near  575  and  580  K  at  saturation  initial  coverage  re¬ 
spectively,  with  Tp  increasing  by  10-20  K  at  initial 
coverages  of  approximately  0.05  ML.  The  weak  depen- 
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Fig.  3.  TPD  spectrum  of  desorption  products  from  Ge(lOO)  follow¬ 
ing  a  saturation  dose  of  HCl.  Improved  signal-to-noise  ratio  was 
achieved  by  monitoring  the  GeCl+  cracking  fraction  of  GeCl2. 


Fig.  4.  TPD  spectrum  of  desorption  products  from  Ge(lOO)  follow¬ 
ing  a  saturation  dose  of  HBr.  Improved  signal-to-noise  ratio  was 
achieved  by  monitoring  the  GeBr+  cracking  fraction  of  GeBr2. 


dence  of  on  initial  coverage  for  both  H2  and  HX 
desorption,  together  with  the  asymmetric  peak  shapes 
(Figs,  3,  4),  indicate  near-first-order  kinetics.  The  di¬ 
halide  etch  products  GeCl2  and  GeBr2  desorb  at  higher 
temperatures,  675  and  710  K  respectively,  following 
saturation  HX  doses.  In  contrast  to  the  behavior  of  the 
H2  and  HX  TPD  peaks,  for  the  GeX2  peaks  rose  by 
50-60  K  at  lower  initial  coverages,  indicating  approxi¬ 
mately  second-order  kinetics. 

Sticking  probabilities  for  HCl  and  HBr  were  ob¬ 
tained  from  the  slopes  of  coverage  vs.  exposure  data. 
The  initial  sticking  probability  *^0  for  HCl  decreased 
from  0.6  at  270  K  to  0.05  at  400  K,  while  that  of  HBr 
was  constant  at  0.9  over  the  same  temperature  range. 

Stoichiometry  implies  that  for  every  H2  molecule  that 
desorbs,  the  two  X  atoms  remaining  from  dissociative 
adsorption  of  HX  must  desorb  as  GeX2.  The  desorp- 


Fig.  5.  Dependence  of  TPD  peak  temperatures  for  H2  and  HCl  on 
initial  coverage  of  HCl. 


Fig.  6.  Dependence  of  TPD  peak  temperatures  for  H2  and  HBr  on 
initial  coverage  of  HBr. 


tion  peaks  for  H2  and  HX  have  a  strong  overlap  while 
those  of  GeX2  occur  at  higher  temperature.  Therefore, 
the  branching  ratio  (H2  +  GeX2  vs.  HX  desorption) 
may  be  usefully  described  by  the  fraction  of  adsorbed 
hydrogen  atoms  which  desorb  as  H2.  This  fraction  is 
nearly  coverage  independent  at  0,6  for  HCl,  whereas  for 
HBr  it  increases  from  0.66  at  saturation  initial  coverage 
to  approximately  0.9  in  the  low  initial-coverage  limit. 


4.  Discussion 

The  present  results  support  the  paradigm  we  have 
proposed  [9,  13]  for  surface  chemistry  on  Group  IV 
(100)  “(2x1)  surfaces:  the  dimerized  surface  atoms 
[20,  21]  are  analogous  to  strained  digermenes  (disilenes 
or  olefins  on  Si(lOO)  or  diamond  (100)  respectively), 
and  adsorption  and  desorption  are  analogous  to  molec¬ 
ular  addition  and  elimination  reactions  respectively. 


158 


S.  M.  Cohen  et  al.  /  Hydrogen -halogen  chemistry 


The  7t  bonds  on  clean  surface  dimers  [22-24]  provide  a 
driving  force  for  pairing  of  adsorbates  on  the  dimers 
[13,  24].  The  enthalpy  of  pairing  is  equal  to  the 

difference  in  germanium-adatom  bond  strengths  be¬ 
tween  surface  dimers  with  adsorbed  atoms  on  each 
germanium  atom  and  dimers  with  only  one  adatom.  In 
molecules,  where  band-structure  effects  are  absent,  the 
difference  in  the  bond  strengths  to  the  first  and  second 
hydrogen  atoms  removed  from  adjacent  atoms  (which 
is  analogous  to  the  pairing  enthalpy  for  surface  hydro¬ 
gen)  is  approximately  equal  to  the  Ti-bond  strength 
between  the  atoms  from  which  the  hydrogen  atoms  are 
removed  [13,  25]. 

The  H2/H  TPD  results  shown  in  Fig.  2  are  consistent 
with  and  may  be  interpreted  using  our  doubly-occupied 
dimer  model  [13],  the  exact  solution  to  a  lattice  gas  model 
which  incorporates  preferential  pairing  of  adsorbates  on 
dimers  but  neglects  interactions  between  dimers.  The 
coverage  of  hydrogen  which  is  paired  on  surface  dimers 
(“doubly-occupied”  dimers)  is  given  by  [13] 


02  =  0  - 


20(1-0) 

[l-h4(l/x- 1)0(1 -0)]^^2+l 


(1) 


where  0  is  the  instantaneous  total  coverage  of  hydro¬ 
gen. 


x  =  txp{-SH^.^JRT)  (2) 

A//pair  is  the  pairing  enthalpy  for  surface  hydrogen,  R  is 
the  gas  constant,  and  T  is  the  temperature.  (The  form 
of  eqn.  (1)  is  slightly  different  from  that  of  eqn.  (4)  of 
ref.  13  but  is  algebraically  equivalent  and  better  be¬ 
haved  numerically.)  We  assume  that  the  desorption  rate 
of  H2  is  given  by 

desorption  rate  —  —  =  k02  ( 3) 


i.e.  that  recombinative  desorption  occurs  between  H 
atoms  paired  on  surface  dimers  [12,  13,  24,  26-28]. 
Assuming  that  the  pre-exponential  factor  for  k  is 
2x  10^^  s~^  as  was  found  in  a  recent  study  of  H2 
desorption  from  Si(lOO)  which  took  H-atom  pairing 
into  account  in  the  analysis  [27],  we  estimate  an  activa¬ 
tion  energy  of  42kcalmol“^  from  the  TPD  peak  tem¬ 
perature  [10]  at  high  initial  coverage.  The  dependence 
of  Tp  on  00  predicted  by  the  model  is  shown  in  Fig.  2 
for  several  assumed  values  of  AZ/pair-  By  comparing  the 
experimental  and  model  results,  we  estimate  AZTpair  to 
be  approximately  5  kcal  mol“*  for  H  on  Ge(lOO),  which 
is  slightly  less  than  the  6  kcal  mol obtained  [13,  27] 
for  H  on  Si(lOO). 

The  high  sticking  probabilities  for  HCl  and  HBr 
imply  a  negligible  activation  energy  for  absorption  and 
suggest  four-center  transition  states,  as  was  suggested 
previously  for  H2S  and  H2O  on  Ge(lOO)  [9].  The 
decrease  in  Sq  for  HCl  with  surface  temperature  is 


analogous  to  the  behavior  seen  for  H2O  on  Ge(lOO)  [9, 
29]  and  suggests  the  existence  of  a  mobile  physisorbed 
precursor  state  [30].  The  larger  value  of  Sq  for  HBr 
than  for  HCl  is  explainable  by  the  longer,  weaker  H-X 
bond  and  by  transition-state  arguments  analogous  to 
those  comparing  the  adsorption  of  H2O  and  H2S  on 
Ge(lOO)  [9]. 

The  desorption  kinetics  of  H2  from  HX  are  nearly 
indistinguishable  from  those  of  H  alone,  as  well  as  from 
H2S  and  H2O  [9].  This  independence  of  the  desorption 
kinetics  from  the  presence  of  coadsorbed  chlorine, 
bromine,  oxygen  or  sulfur  implies  that  desorption  is  a 
highly  localized  process  on  Ge(lOO),  which  contrasts 
strongly  with  desorption  kinetics  on  metal  surfaces. 

The  desorption  kinetics  of  HX  and  GeX2  are  de¬ 
scribed  in  detail  elsewhere  [31].  The  presence  of  two 
types  of  atoms  (H,  X),  three  types  of  pairing  (H  +  H, 
H  -h  X,  X  +  X),  and  three  desorption  channels  necessi¬ 
tates  a  generalization  of  the  doubly-occupied  dimer 
model.  Nonetheless,  it  seems  intuitively  obvious  that 
the  close  similarity  of  the  behavior  of  HX  to  that  of  H2 
(cf.  Figs.  2,  5,  and  6)  can  be  accounted  for  by  pairing  of 
H  and  X  atoms  on  surface  dimers,  implying  that  prefer¬ 
ential  pairing  of  adsorbates  on  Group  IV  (100)  surfaces 
is  a  general  phenomenon  and  is  not  restricted  to  hydro¬ 
gen.  The  pairing  enthalpy  for  H-fX  (or  for  X  +  X) 
need  not  be  precisely  equal  to  that  for  H  -h  H  (approx¬ 
imately  5  kcal  mol"’)?  however,  because  of  the  possibil¬ 
ity  of  steric  and  electrostatic  interactions  and  bond 
polarization  effects.  Two  X  atoms  must  become  local¬ 
ized  near  a  Ge  atom  in  order  for  GeX2  to  desorb.  The 
identification  of  the  n  bond  on  unoccupied  dimers  as 
the  driving  force  for  pairing  on  (100)  —(2x1)  surfaces 
[13,  24]  suggests  that  X  +  X  should  also  pair  preferen¬ 
tially.  However,  the  observed  near-second  order  desorp¬ 
tion  kinetics  for  GeX2  provides  no  support  for 
preferential  pairing  of  X  +  X.  This  suggests  either  that 
A/Zpair  for  X  +  X  is  small  or  that  the  doubly  occupied 
dimer  model  is  inapplicable  because  the  7t-bonded 
dimer  surface  structure  is  disrupted  before  or  during 
desorption  of  GeX2. 
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Abstract 

Submonolayer  coverages  of  N,  B,  Ge  and  Sn  were  studied  on  Si(lOO)  surfaces  using  time-of-flight  scattering  and 
recoiling  spectroscopy.  Thin  Si  layers  were  grown  on  top  of  the  dopants,  and  these  layers  are  designated  Si*.  The 
thermal  stability  of  Si*/N/Si(100),  Si*/B/Si(100),  Si*/Sn/Si(100)  and  Si*/Ge/Si(100)  structures  is  compared  here. 
Attenuation  of  the  elemental  dopant  signals  by  Si*  is  used  to  study  Si  atomic  layer  epitaxy.  The  dopant  is  called  an 
elemental  “marker”  in  this  context.  Plots  of  direct  recoiling  intensity  i;^.  incident  angle  are  used  to  distinguish 
surface  marker  layers  from  marker  layers  buried  under  Si*. 


Experimental  methods  for  evaluating  precursors  used 
in  Si  atomic  layer  epitaxy  (ALE)  are  not  well  estab¬ 
lished,  owing  to  the  standard  problems  of  studying 
homoepitaxy.  Also,  the  growth  of  delta-doped  layers  by 
ALE  in  the  Si  and  Si/Ge  systems  is  of  current  interest. 
These  reasons  motivate  our  studies  of  the  thermal 
stability  of  submonolayer  coverages  of  the  dopants  N, 
B,  Ge  and  Sn  on  the  Si(lOO)  surface.  Results  on  the 
growth  of  thin  Si  layers  atop  these  dopants  (designated 
Si*),  and  on  the  thermal  stability  of  the  resulting  Si*/ 
dopant/Si(100)  structures  are  summarized  here.  The 
studies  of  B,  Ge  and  Sn  have  been  reported  elsewhere 
[1]. 

These  studies  utilize  a  pulsed  4  keV  ion  beam 
with  time-of-flight  (TOE)  detection  to  probe  the  sur¬ 
face.  Both  scattered  K+  (a  sensitive  probe  of  heavy 
elements),  and  direct  recoil  (DR)  particles  (best  for 
light  elements)  are  detected.  Rabalais  have  reviewed  the 
time-of-flight  scattering  and  recoiling  spectroscopy 
(TOF-SARS)  method  [2,  3].  Plots  of  DR  intensity  vs. 
incident  angle  a  are  used  to  address  qualitatively  the 
location  of  elemental  ‘‘marker”  layers. 

Our  comparison  of  the  dopants  N,  B,  Ge  and  Sn  on 
the  Si(lOO)  surface  is  summarized  in  Table  1.  In  each 
case,  we  have  studied  the  dopant  in  an  Si*/dopant/ 
Si(lOO)  structure,  with  Si*  being  approximately  1/3- 1/2 
monolayer  (ML)  of  new  Si  deposited  in  a  single  self- 
limiting  adsorption  of  an  Si  precursor.  The  precursors 
Si2H6,  Si3H8  and  Si2Cl6  have  been  used  in  these  studies, 
and  each  of  these  molecules  deposits  1/3 -1/2  ML  of  Si* 
in  a  saturation  exposure.  Thicker  Si*  layers  are  consid¬ 
ered  later  in  this  paper  (see  Fig.  3).  Other  precursors 
are  discussed  elsewhere  [4].  At  present,  we  have  studied 
primarily  the  stability  with  respect  to  annealing,  in 
order  to  define  the  useful  range  of  for  use  of  these 


TABLE  1.  Comparison  of  dopant  markers  in  structures  designated 
Si*/dopant/Si(100) 


Dopant 

Decomposition 
temperature  (°C) 

Mode  of  decomposition 

N 

^500 

N  diffuses  into  Si  bulk 

B 

^500 

B  diffuses  into  Si  bulk 

Ge 

400 

Ge  segregates  to  surface,  concurrent 
with  H2  desorption,  if  Cl  present, 
GeCh  desorption  occurs 

Sn 

400 

Sn  segregates  to  surface,  concurrent 
with  H2  desorption 

elements  as  “markers”  of  the  initial  Si(lOO)  interface  in 
ALE  studies.  Structural  issues  of  surface  order  and 
lattice  quality  will  be  addressed  using  electron  diffrac¬ 
tion  techniques  in  future  work.  We  find  that  Ge  and  Sn 
exhibit  essentially  the  same  behavior.  These  Group  IV 
elements  migrate  to  the  surface  (atop  the  layer  of  Si*) 
concurrent  with  H  desorption,  as  shown  in  Fig.  1. 
Boron  “markers”  are  stable  to  at  least  500  °C,  and 
possibly  higher.  Owing  to  the  mass  resolution  limita¬ 
tions  of  TOF-SARS,  we  used  Si2Cl6  in  our  B  stability 
studies  to  avoid  interference  of  H  and  B  DR  signals.  As 
shown  elsewhere  [1],  our  investigation  of  the  Si*/B/ 
Si(lOO)  structure  is  limited  by  the  desorption  of  SiCl2 
beginning  at  500  °C.  We  have  not  yet  defined  the  upper 
limit  of  thermal  stability  for  B  in  this  structure  in  the 
absence  of  Cl.  Feldman  and  coworkers  have  demon¬ 
strated  the  epitaxial  growth  of  Si  by  molecular  beam 
epitaxy  (MBE)  on  top  of  an  ordered  1/2  ML  of  B 
atoms  [5].  As  shown  below  in  Fig.  3,  we  find  that  N 
marker  layers  are  stable  to  at  least  500  °C.  We  have 
some  indication  that  the  N  marker  is  stable  to  higher 
temperature,  and  may  be  useful  for  Si  ALE  studies. 
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Fig.  1.  TOF-SARS  spectra  using  4keV  potassium  ions  (K+),  a  =  3° 
angle  of  incidence  with  respect  to  the  surface  plane,  and  the  detector 
grid  at  ground  potential.  A,  clean  Si(lOO)  —  (2  x  1);  B,  9x10'^ 
GeH^  cm-2  dosed  at  500  °C;  C,  surface  in  B  with  1  x  10’’  Si^He  cm’^ 
dosed  at  300  °C;  in  D  and  E,  the  surface  from  C  was  heated  to  400 
and  500  “C  respectively,  for  4  min  at  each  temperature. 


Figure  1  is  an  example  of  our  thermal  stability  stud¬ 
ies  with  a  structure  designated  Si*/Ge/Si(100).  Both 
scattered  ions  and  DR  particles  are  detected.  In 
specrum  lA  from  the  clean  surface,  the  feature  at  7.8  ps 
is  recoiled  Si  atoms  (SioR),  and  the  broad  feature  from 
8-11  ps  is  due  to  K+  scattered  from  Si  in  the  first  and 
second  layers  (K+^Si).  About  1/3  ML  of  Ge  was 
added  by  GeH4  adsorption  at  500  °C  (the  hydrogen 
desorbs  at  this  temperature)  and  the  result  is  spectrum 
IB.  (The  Ge  coverage  was  calibrated  assuming  that  a 
saturation  GeH4  exposure  at  100  °C  results  in  1/4  ML 
of  Ge.)  The  intense  peak  at  8.1  ps  is  scattered  from 
Ge  (K+^Ge)  and  the  weak  feature  at  13.0  ps  is  re¬ 
coiled  Ge  atoms  (Godr).  After  acquiring  spectrum  IB 
at  500  °C,  the  sample  was  cooled  to  300  °C  and  satu¬ 
rated  with  SizHg  before  acquiring  spectrum  1C.  Note 
that  both  the  Ge^R  and  K+  -^-Ge  features  are  attenu¬ 
ated  compared  with  spectrum  IB.  Virtually  identical 
results  are  seen  using  Si3Hg  [1].  We  have  measued  the 
GeoR  signal  as  a  function  of  Si*  coverage  [1].  The 
Si*/Ge/Si(100)  structure  is  metastable.  Annealing  to 
400  °C  (spectrum  ID)  results  in  Hz  desorption  and 
concurrent  Ge  segregation  to  the  surface.  Both  the 


GeoR  and  Ge  features  return  to  their  original 

levels.  Annealing  to  500  °C  (spectrum  IE)  gives  a  spec¬ 
trum  identical  with  IB,  before  SizHg  adsorption. 

The  segregation  of  dopants  during  MBE  Si  growth 
results  in  poor  incorporation  of  the  dopant.  We  believe 
that  dopant  segregation  and  three-dimensional  island 
growth  are  related  by  the  common  role  of  open  dan¬ 
gling  bonds.  Island  formation  can  be  suppressed  using 
As  or  Sb  as  a  “surfactant”  in  Ge  on  Si(lOO)  and  Si  on 
GeSi(lOO)  growth  [6].  Termination  of  the  dangling 
bonds  with  As  or  Sb  inhibits  island  formation  [6]. 
Results  such  as  Fig.  1  prove  that  termination  of  the 
surface  dangling  bonds  with  H  can  prevent  Ge  segrega¬ 
tion.  A  common  role  of  dangling  bonds  in  these  two 
growth  problems  is  implied,  and  is  under  further  inves¬ 
tigation.  Termination  of  the  dangling  bonds  with  H,  Cl, 
As  or  Sb  may  relieve  lattice  strain,  decreasing  the 
driving  force  that  causes  islanding  or  dopant  segrega¬ 
tion.  Alternatively,  termination  of  the  dangling  bonds 
may  reduce  a  kinetic  barrier  to  atom  mobility,  allowing 
segregation  or  islanding  to  occur. 

The  location  of  a  dopant  “marker”  can  be  deter¬ 
mined  qualitatively  by  changing  the  incident  angle  a  of 
the  K+  beam  with  respect  to  the  surface  plane.  Figure 
2  shows  a  schematic  diagram  of  the  direct  recoiling 
experiment,  including  the  definition  of  a.  To  study  the 
location  of  a  dopant  “marker”  layer,  direct  recoiling 
spectra  are  acquired  from  a  =  2°  to  a  =  23°  in  approxi¬ 
mately  3°  increments.  At  each  a  value,  we  compute  the 
fraction  of  the  total  DR  signal  appearing  as  each 
element,  and  plot  this  fraction  vs.  a.  We  call  such  a  plot 
an  a  scan.  Using  surface  BH;,  species  on  the  Si(lOO) 
surface  and  B  buried  in  an  Si*/B/Si(100)  structure,  we 
have  reported  a  scans  for  B  in  these  two  distinct 
forms[7].  As  a  is  increased,  elements  sitting  on  top  of 
the  surface  (in  the  first  layer)  exhibit  a  decreasing  DR 
signal.  The  DR  signal  of  an  element  with  a  large 
concentration  in  the  subsurface  region  increases  as  a  is 
increased.  The  exact  site  location  cannot  be  determined 
from  this  simple  analysis.  Subsurface  elements  can  be  in 
any  layer  (Second,  third,  etc.)  and  the  simple  a  scan 
does  not  distinguish  these.  More  refined  analysis  such 
as  azimuth  angle  scans  and  scattering  simulations  can 
provide  such  site  deterrnination  [3]. 


Fig.  2.  Schematic  geometry  of  the  TOF-SARS  experiment. 
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a  SCAN  :  SI*  /  N  /  Si(lOO) 


Incident  Angle  a  (degrees) 

Fig.  3.  Incident  angle  a  scans  for  N  on  Si(lOO)  prepared  in  two  ways. 
▲  after  saturation  NH3  exposure  at  200  °C,  and  heating  to 
700  °C;  A  O,  after  two  full  cycles  of  Si  ALE  growth  at  500  C  (Si2H6 
exposures  2  x  lO’^cm"^,  and  Si2Cl6  exposures  1  x  lO^^cm"^).  The 
fraction  of  the  total  DR  signal  contributed  by  each  element  is  plotted 
as  a  function  of  a  for  N  and  Si.  The  spectra  were  measured  for  60  s 
each.  Elements  located  on  the  surface  show  a  decrease  in  signal  as  a 
is  increased,  while  elements  located  below  the  first  surface  layer  show 
an  increase  in  signal  as  a  is  increased. 


Figure  3  shows  a  scans  for  the  elements  N  and  Si  in 
two  structures  on  Si(lOO).  The  solid  symbols  (“an¬ 
nealed”)  are  from  approximately  1/2  ML  of  N  below  the 
first  layer  of  the  Si(  100)  surface.  To  produce  this  N  layer, 
a  saturation  coverage  of  NH3  at  200  ""C  was  annealed  to 
700  °C.  This  quantitatively  causes  desorption  of  H  as 
H2,  and  migration  of  N  to  sites  below  the  first  layer,  with 
the  exact  N  site(s)  unknown.  Note  that  the  N  fraction 
decreases  with  increasing  a,  indicating  that  the  N  lies 
near  the  surface.  The  open  symbols  are  from  this  same 
surface,  with  Si*  deposited  on  top  of  the  N.  The  Si* 
layer  was  grown  at  500  °C  using  two  full  cycles  of 
alternating  exposures  of  Si2H6  and  Si2Cl6  [7].  The  Si2H6 
exposures  were  2  x  10*^  cm“^,  and  the  Si2Cl6  exposures 
were  1  x  lO^^cm”^.  Note  that  the  N  fraction  is  smaller 
than  for  the  N  annealed  surface  (N  is  attenuated  by 
Si*)  and  that  the  N  fraction  increases  with  increasing  a. 
The  increasing  N  fraction  is  similar  to  the  increasing  Si 
fraction  (a  bulk  element)  for  the  “annealed”  surface. 
This  is  the  signature  of  an  element  located  farther 
beneath  the  surface.  The  epitaxial  quality  of  the  Si* 


layers  atop  N  “markers”  will  be  evaluated  using  electron 
diffraction  methods  in  subsequent  work. 

We  have  illustrated  how  DR  signals  from  the  dopant 
“marker”  elements  N,  B,  Sn  and  Ge  can  be  used  to  study 
the  growth  of  Si  by  ALE.  The  stability  of  Si*/dopant/ 
Si(lOO)  structures  has  been  compared.  Submonolayer 
coverages  of  Ge  and  Sn  present  in  the  structures  Si*/Sn/ 
Si(lOO)  and  Si*/Ge/Si(100)  are  metastable.  These  struc¬ 
tures  decompose  at  about  400  °C  by  dopant  segre¬ 
gation  to  the  surface,  if  the  Si*  surface  is  not  terminated 
with  hydrogen.  The  Si*/B/Si(100)  structure  is  observed 
to  decompose  at  500  °C,  but  in  this  case  we  have  Cl 
present  on  the  surface  and  decomposition  is  by  SiCl2 
desorption.  The  upper  limit  of  stability  for  this  structure 
may  be  higher  than  500  ""C  with  a  thicker  Si*  layer  and 
no  surface  Cl.  The  Si*/N/Si(100)  structure  is  stable  to 
500  °C  (as  proven  by  the  data  of  Fig.  3),  but  we  have 
not  yet  studied  the  epitaxial  quality  of  the  Si*  layer.  We 
are  now  comparing  B  and  N  with  regard  to  diffusion 
in  the  500-600  °C  range.  Among  the  dopants  studied, 
we  are  unable  to  state  definitively  whether  N  or  B  is  the 
optimum  dopant  marker  for  Si  ALE  investigations.  We 
hope  to  resolve  this  question  shortly. 
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Abstract 

We  report  on  initial  results  of  the  potential  of  self-limiting  surface  reactions  for  the  doping  of  Si  layers  using 
molecular  beam  epitaxy  (MBE)  and  atmospheric  pressure  chemical  vapor  deposition  (APCVD).  In  MBE  experi¬ 
ments  using  Sb  as  an  n-type  dopant  a  self-limiting  process  is  obtained  at  a  coverage  of  half  a  monolayer.  No 
evidence  of  a  self-limiting  process  has  yet  been  found  for  p-type  doping  using  B2H6  above  400  °C.  In  the  case  of 
MBE  growth  at  temperatures  below  400  °C  the  B  is  only  partly  activated  (10%-20%).  In  APCVD  grown  samples 
B  surface  coverage  leads  to  significant  growth  inhibition  of  the  subsequent  deposition  of  Si  from  SiCl2H2.  Finally, 
preliminary  results  of  atomic  layer  doping  using  ASH3  in  APCVD  indicate  a  self-limitation  of  chemisorption  of 
AsHj  at  about  0.1  monolayer  at  a  temperature  of  600  °C;  however,  subsequent  growth  of  Si  leads  to  a  smearing  out 
of  the  As  due  to  segregation  and  to  the  residence  time  of  As  in  the  system. 


1.  Introduction 


Atomic  Layer  Doping 


Conventional  Si  epitaxy  employs  ion  implantation 
for  the  incorporation  of  dopants.  Excellent  dosimetry  is 
achieved  by  monitoring  ion  currents.  However,  implant 
damage  removal  requires  an  annealing  process  that 
results  in  diffusion  that  may  not  be  acceptable  or 
adequate  for  future  generation  device  technology. 

The  degree  of  reproducibility  and  control  obtained 
by  ion  implantation  might  be  hard  to  meet  by  conven¬ 
tional  growth  techniques  using  in  situ  doping,  since  total 
doses  of  often  less  than  0.1  monolayer  (ML)  are  com¬ 
monly  required  to  be  deposited  within  a  few  nanometers 
and  with  a  reproducibility  of  a  few  per  cent  for  modern 
bipolar  technology.  Here  we  explore  the  possibility  of 
using  self-limiting  surface  reactions  (SLSRs)  as  a 
method  to  meter  precise  dopant  doses  both  for  Si  epitaxy 
and  as  a  diffusion  source.  SLSRs  have  been  proposed  for 
various  atomic  layer  epitaxy  schemes  [1].  The  incorpora¬ 
tion  of  dopants  by  SLSR  processes  is  attractive,  since  no 
self-passivation  at  exactly  1  ML  is  mandatory,  which  is 
a  general  problem  in  Si  ALE  processes  for  Si  and  SiGe 
[2].  Conceptually  an  atomic  layer  doping  (ALD)  process 
with  self-passivation  at  a  fraction  of  an  ML  would  lead 
to  the  incorporation  of  a  reproducible  dose  of  dopant 
onto  a  surface.  Figure  1  shows  the  ALD  process  sche¬ 
matically.  When  combined  with  epitaxy,  the  epitaxial 
growth  is  arrested  and  the  growth  surface  is  exposed  to 
the  doping  constituents.  After  surface  saturation  is 
reached,  an  extraction  process  may  be  needed  to  renew 
the  growth  surface.  Thereafter  epitaxy  is  resumed.  This 
cycle  may  be  repeated  until  the  required  dose  is  attained. 
Very  often,  stearic  hindrance  will  prevent  the  adsorption 
of  more  than  a  fraction  of  an  ML.  ALD  may  be 


Fig.  1.  Schematic  diagram  of  the  ALD  process. 


combined  with  diffusion  as  well.  Such  a  process  may  be 
used  to  control  source -drain  diffusion  in  complemen¬ 
tary  metal  oxide  semiconductor  technology.  In  order  to 
prevent  desorption  of  dopants,  a  capping  layer  of  silicon 
nitride  or  Si  may  be  needed. 


2.  Experimental  details 

The  experiments  were  performed  in  a  solid  source 
molecular  beam  epitaxy  (MBE)  system  equipped  with  a 
B2H6  (1%  in  H2)  gas  source  and  with  an  atmospheric 
pressure  chemical  vapor  deposition  (APCVD)  apparatus 
using  SiCl2H2,  B2H6  (0.5%  in  H2)  and  ASH3  (0.2%  in 
He)  as  reactive  gases  in  an  H2  carrier.  In  the  case  of  the 
MBE  system  the  partial  pressure  of  the  B2H6  is  adjusted 
manually  via  a  leak  valve.  A  remote  ion  gauge,  which  is 
located  to  avoid  B2H6  cracking,  measures  the  leak  rate. 
For  the  ALD  experiments  B2H6  partial  pressures  of 
lO’^^Pa  and  0.13  Pa  have  been  used  in  the  MBE  and 
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Fig.  2.  APCVD  temperature  and  gas  flow  sequence  for  ALD  using 
the  exposure  time  and  the  temperature  time  of  dopant 

exposure  as  parameters. 


APCVD  respectively.  ALD  of  As  by  APCVD  was 
performed  using  an  ASH3  partial  pressure  of  0.13  Pa. 

The  following  growth  cycles  were  used  to  study  the 
capabilities  of  the  (1)  MBE  and  (2)  APCVD  for  ALD 
processes. 

(1)  After  growth  of  an  Si  buffer  layer  the  surface  was 
exposed  to  either  B2H6:H2  or  Sb  during  a  growth 
interruption.  The  growth  was  interupted  for  30  min, 
allowing  10  min  of  pumping  on  the  system  before  and 
after  the  exposure.  The  structures  were  then  capped  by 
a  100  nm  thick  Si  layer.  The  exposure  time  and  the 
growth  temperature  were  chosen  as  growth  parameters. 

(2)  Figure  2  shows  the  growth  cycle  used  for  the 
APCVD  experiments.  After  the  growth  of  an  Si  layer  at 
650  °C  the  temperature  was  dropped  within  3  min  to 
the  “ALD  temperature”  Tald-  ^ALD  the  surface  was 
exposed  to  the  dopant  and  after  a  purge  time  of  1  min 
the  temperature  was  raised  again  to  650  °C  for  the  Si 
deposition.  During  the  growth  interruptions  the  reactor 
was  purged  with  H2.  Experiments  at  T^ld  values  of 
400  ""C,  500  °C  and  600  °C  were  performed.  This  pro¬ 
cess  was  cycled  a  few  times  varying  the  exposure  time 
from  1  to  64  s. 


3.  Results  and  discussion 

3.1 .  Sb  doping  in  Si  molecular  beam  epitaxy 
Elemental  Sb  is  the  preferred  dopant  for  n-type  dop¬ 
ing  in  Si  MBE  because  of  the  low  vapor  pressure. 
Metzger  [3]  has  studied  the  adsorption  kinetics  of  Sb  on 
Si(lOO),  Si(lll)  and  Si(llO)  in  great  detail.  On  Si(lOO) 
the  pertinent  observations  are  described  with  the  help 
of  Fig.  3  adapted  from  that  work.  Sb  adsorbs  in  an 
ordered  superstructure  on  Si(lOO).  As  coverage  in¬ 
creases  to  0.5  ML  (lML=1.2x  lO^^cm"^)  the  frac- 
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Fig.  3.  Sb  on  Si(lOO)  desorption  spectra  and  surface  reconstructions 
(from  ref.  8). 


tional  order  low  energy  electron  diffraction  spots  are 
gradually  extinguished  and  a  1  x  1  reconstruction  is 
obtained.  Further  adsorption  of  Sb  retains  this  1  x  1 
reconstruction  until  several  MLs  of  Sb  are  adsorbed. 

Thermal  desorption  spectroscopy  shows  that  below 
0.5  ML  a  single  desorption  peak  is  observed  at  about 
950  °C.  However,  as  the  coverage  is  increased  beyond 
0.5  ML  an  additional  desorption  peak  is  observed  at 
about  450  °C.  All  Sb  in  excess  of  0.5  ML  desorbs  at  this 
temperature. 

This  suggests  that  a  fixed  coverage  of  exactly  0.5  ML 
may  be  easily  achieved  by  exposing  the  Si(lOO)  surface 
to  an  Sb  flux  in  excess  of  0.5  ML  and  desorbing  the 
excess  at  about  500  °C  for  several  minutes.  Monitoring 
the  surface  reconstruction  until  a  1  x  1  reconstruction  is 
obtained  and  then  continuing  further  exposure  for  a 
short  time  will  ensure  that  the  coverage  of  0.5  ML  is 
reached.  We  have  used  this  method  to  suppress  long- 
range  order  in  SiGe  alloys  [4].  Alternatively,  exposure 
may  be  performed  at  substrate  temperatures  in  excess 
of  500  °C  and  the  desorption  step  may  be  eliminated  as 
coverage  will  not  exceed  0.5  ML. 
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Fig.  4.  SIMS  profile  of  a  spike  deposited  at  550  '"C  from  B2H6  by 
MBE. 


While  we  have  now  a  precise  doping  source,  actual 
epitaxial  doping  is  complicated  by  the  tendency  of  Sb  to 
segregate  to  the  growing  surface  [5].  To  obviate  this 
problem,  subsequent  Si  growth  at  extremely  low  tem¬ 
peratures  (below  400  '’C)  is  required.  Alternatively, 
amorphous  film  deposition  followed  by  solid  phase 
epitaxy  is  needed  [6]. 

3.2.  B2H6  doping  in  gas  source  molecular  beam  epitaxy 
Figure  4  shows  a  5-doped  layer  obtained  by  exposing 
a  clean  2  x  1  reconstructed  surface  to  the  B2H6:H2 
mixture  for  10  min  at  550  °C.  Growth  was  then  re¬ 
sumed  after  pumping  on  the  system  for  10  min.  The  full 
width  at  half-maximum  is  4  nm  and  attests  to  the  sharp 
profiles  possible  using  this  technique.  However,  no  self¬ 
limitation  of  the  B2H5  adsorption  is  identified  for  these 
growth  conditions.  Figure  5  shows  the  B  sheet  density 
obtained  from  secondary  ion  mass  spectroscopy 
(SIMS)  as  function  of  the  B2H6  exposure  in  experi¬ 
ments  similar  to  that  in  Fig.  4.  At  the  low  coverage  of 
5  X  10^^-5  X  10^^cm“^  shown  in  Fig.  5  the  dependence 
appears  to  be  linear;  however,  at  higher  coverages  the 
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Fig.  5.  Dependence  of  the  B  sheet  density  determined  by  SIMS  on 
the  B2H6  exposure  for  MBE  grown  samples. 


TABLE  1.  Sticking  coefficient  S  for  different  B  densities 


B  density 

s 

lO’cm-2 

2.7  X  10-’ 

10"  cm-^ 

1.7x10-^ 

10'^  cm-^ 

1.5  X  10-’ 

0.3  X  10-’ 

net  incorporated  dopant  increases  sublinearly.  This  ac¬ 
companies  a  reduction  in  the  sticking  coefficient  as  a 
function  of  the  B  coverage  which  is  shown  in  Table  1. 
Clearly  it  decreases  with  increasing  coverage,  approach¬ 
ing  3  X  10““^  in  agreement  with  the  data  of  Yu  et  al.  [7]. 
The  sticking  coefficients  were  calculated  from  the  total 
amount  of  B2H6  at  the  end  of  the  exposure  time  and 
the  total  exposure  time;  these  values  may  be  high,  since 
this  calculation  averages  over  the  time  and  does  not 
take  the  higher  sticking  coefficient  at  the  beginning  of 
the  exposure  into  account,  but  nevertheless  the  sticking 
coefficient  does  not  approach  zero.  These  results  in  this 
temperature  range  suggest  that  no  self-limiting  reaction 
occurs.  Yu  et  al.  suggest  a  self-limiting  adsorption  at 
lO^'^cm"^  if  the  adsorption  is  carried  out  at  very  low 
temperatures  (below  200  X).  At  these  temperatures  the 
exposure  required  for  achieving  this  coverage  is  several 
thousand  langmuirs,  which  is  beyond  our  current  exper¬ 
imental  capabilities.  However,  we  did  investigate  the 
activation  of  B  in  our  experiments  as  a  function  of 
temperature.  For  B  incorporated  at  temperatures  above 
500  °C,  the  activation  was,  within  the  limits  of  the 
measurement,  nearly  100%.  This  number  dropped 
abruptly  to  below  20%  for  incorporation  at  400  ""C. 
Further  annealing  at  650  X  for  30  min  did  not  improve 
this  number  significantly.  Apparently  the  B  is  passi¬ 
vated  when  incorporated  at  low  temperatures.  H  bound 
to  the  B,  which  appears  to  be  likely  at  low  tempera¬ 
tures,  might  be  the  reason  for  the  deactivation.  How¬ 
ever,  H  is  expected  to  be  removed  from  the  B  during 
the  anneal  leading  to  a  higher  activation,  which  was  not 
observed  in  the  experiment.  Further  investigations  ap¬ 
pear  to  be  necessary  for  complete  understanding  of  this 
phenomenon. 

3.3.  B2H^  doping  in  atmospheric  pressure  chemical 
vapor  deposition 

In  contrast  to  the  experiments  using  MBE,  complex 
gas  phase  reactions  may  occur  in  APCVD  which  com¬ 
plicate  the  interpretation  of  the  data.  After  the  deposi¬ 
tion  of  Si  using  SiCl2H2  the  surface  is  predominantly 
terminated  by  SiCl^^.  species,  most  likely  SiCl  [2].  B2H6 
is  rather  unstable  and  it  decomposes  in  the  gas  phase; 
the  species  arriving  at  the  surface  are  probably  reactive 
BH.,.  components. 
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Fig.  6.  Dependence  of  the  B  sheet  density  determined  by  SIMS  on 
the  B2H6  exposure  time  for  APCVD  grown  samples. 

Figure  6  shows  the  boron  sheet  density  determined 
by  SIMS  as  a  function  of  exposure  time  for  7\ld  = 
400  °C  and  600  °C.  There  is  no  indication  of  a  satura¬ 
tion  eifect;  in  fact,  the  sheet  density  appears  to  increase 
superlinearly  in  the  range  of  exposure  times  studied  to 
well  past  ML  coverage.  For  ?p  =  64  s  the  amount  of  B 
deposited  is  equal  to  5  ML.  Apparently,  the  reactive  B 
species,  possibly  the  radical  BH3,  which  arrives  at  the 
surface  continues  to  deposit  after  the  first  ML.  At  very 
low  temperatures  the  gas  phase  reactions  creating  these 
reactive  species  might  be  suppressed,  but  it  is  possible 
that  the  B2H6  molecule  will  not  be  adsorbed  on  the 
SiCl-terminated  surface  under  these  conditions. 

Figure  7  shows  the  dependence  of  the  thickness  of  the 
Si  cap  layer  on  the  B  sheet  density  determined  by 
SIMS.  The  data  reveal  a  significant  growth  inhibition 


Fig.  7.  Effect  of  the  B  surface  concentration  on  the  thickness  of  the 
subsequently  grown  Si  cap  layer. 


of  Si  on  heavily  B-terminated  surfaces.  This  finding 
suggests  that  the  nucleation  of  Si  from  SiCl2H2  on  the 
B  terminated  surface  is  initially  hampered.  Surprisingly, 
this  inhibition  is  found  even  when  the  SIMS  data  reveal 
a  B  incorporation  of  much  less  than  IM.  Indeed,  we 
think,  that  after  the  exposure  to  B2H6  for  a  few  seconds, 
the  amount  of  B  on  the  surface  is  much  larger,  and  it 
may  be  even  more  than  1  ML.  During  the  subsequent 
exposure  to  SiCl2H2  initially  part  of  the  SiCl2H2  is  used 
to  remove  B  rather  than  to  deposit  Si.  The  growth  of  Si 
is  resumed  when  either  growth  nuclei  have  been  formed 
on  the  B-terminated  surface  or  the  B  coverage  decreases 
below  1  ML  and  the  growth  starts  from  Si  surfaces.  The 
data  evaluated  by  SIMS  after  the  deposition  process  are 
therefore  the  result  of  complex  adsorption-desorption 
processes.  Further  evidence  for  this  model  is  given  by  an 
experiment  where  the  Si  source  was  SiH4  instead  of 
SiCl2H2.  For  a  B  exposure  time  of  15  s  the  integrated 
dose  of  B  in  this  sample  was  3  x  10^^  cm“^  more  than 
an  order  of  magnitude  higher  than  for  the  sample  where 
the  subsequent  layer  was  grown  by  SiCl2H2.  This  indi¬ 
cates  that  B  is  removed  during  the  exposure  of  SiCl2H2 
and  that  the  Cl  plays  an  important  role  in  the  removal. 
The  assumption  of  B  desorption  during  the  initial  expo¬ 
sure  to  SiCl2H2  also  explains  the  superlinear  increase  in 
the  B  dose  with  the  exposure  time. 

However,  since  no  self-limitation  has  been  found, 
these  experiments  indicate  that  B2H6  is  not  a  suitable 
source  for  a  self-limiting  ALD  process  in  Si  by  APCVD 
at  temperatures  between  400  and  600  °C. 

3.4.  AsHj^  doping  in  atmospheric  pressure  chemical 
vapor  deposition 

In  CVD  processes  ASH3  is  the  typical  As  dopant 
source  because  of  the  low  diffusion  coefficient.  ALD 
experiments  were  performed  in  the  same  fashion  as  for 
the  B2H6.  Figure  8  shows  the  SIMS  data  for  three 
samples.  Each  sample  was  prepared  using  5  cycles  with 
1,  2,  4,  8  and  16  s  exposure  times  of  the  Cl-H-termi- 
nated  Si  surface  to  ASH3 .  The  temperatures  T^ld  of  the 
exposures  were  600,  500  and  400  °C.  At  400  °C  no  As 
was  detected  by  SIMS.  Gravimetric  techniques  estab¬ 
lished  that  a  160  nm  thick  film  had  grown.  Therefore 
we  conclude  that  no  As  was  incorporated;  probably 
the  ASH3  is  not  chemisorbed  at  400  °C  on  the  Cl-  and 
H-terminated  Si  surface.  Possibly  physisorbed  ASH3  on 
the  surface  apparently  desorbs  during  the  heating  to  the 
deposition  temperature  of  650  °C  before  it  reacts  with 
the  surface.  At  500  °C  no  ASH3  is  incorporated  for  short 
exposure  times  whereas  SIMS  indicates  some  incorpora¬ 
tion  for  long  exposure  times  (8  and  16  s).  For  an  increase 
in  ^ALD  to  600  °C  all  five  As  doping  spikes  are  clearly 
seen  in  the  SIMS  spectra.  The  fact  that  incorporation 
occurs  must  be  explained  by  changes  either  in  the 
chemical  termination  of  the  surface  or  in  the  As  species 
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Fig.  8.  SIMS  profiles  of  three  Si  samples  exposed  to  ASH3  during 
growth  interruptions  at  400,  500  and  600  '’C  with  exposures  times  of 
1,  2,  4,  8  and  16  s  for  each  sample. 

arriving  at  the  surface.  Cl  is  released  from  the  surface 
via  SiCl  at  temperatures  above  700  °C  [2].  Time-of- 
flight  measurements  made  in  situ  during  chemical  beam 
epitaxy  indicate  that  H2  desorbs  from  the  surface  at 
temperatures  as  low  as  550  °C  [8];  however,  the  situa¬ 
tion  at  1  atm  of  H2  in  the  APCVD  reactor  is  unclear.  It 
is  reasonable  to  assume  that  the  ASH3  competes  with  an 
equilibrium  reaction  between  desorption  and  adsorp¬ 
tion  of  H,  which  might  allow  AsH,  to  chemisorb  on 
surface  sites.  In  addition,  ASH3  starts  to  decompose  at 
these  temperatures.  In  situ  measurements  of  the  decom¬ 
position  of  ASH3  show  that  the  first  step  is  surface 
catalyzed  and  heterogeneous  [9].  Clean  quartz  walls 
lead  to  decomposition  temperatures  as  low  as  600  °C 
and  wall  depositions  may  even  lower  that  temperature. 

At  600  °C  the  amount  of  As  in  the  spikes  approaches 
saturation  at  a  level  of  8  x  10’^  cm“^  for  exposure  times 
longer  than  8  s.  The  low  level  of  the  saturation  at  0.1  ML 
is  unexpected.  It  might  be  correlated  to  the  ratio  of  the 
parts  of  the  Si  surface  terminated  with  H  and  with  Cl 
after  the  growth  from  SiCl2H2.  Further  experiments 
using  different  temperatures  for  the  Si  deposition  prior 
to  and  after  the  ASH3  exposure  as  well  as  detailed 
investigations  of  the  surface  chemistry  during  APCVD 
from  SiCl2H2  might  help  to  explain  this  observation. 

General  factors  contribute  to  the  rather  poorly  re¬ 
solved  (low  peak-to- valley  ratio)  As  dopant  spikes  we 
have  observed.  Unfortunately,  as  in  the  case  of  Sb  in 
the  MBE  experiments,  the  As  tends  to  segregate  leading 
to  a  smearing  of  the  As  into  the  subsequently  grown  Si. 
In  addition,  a  rather  long  residence  time  for  As  is 
observed  in  our  APCVD  tool.  The  in  situ  incorporation 
of  As  from  ASH3  into  the  Si  leads  to  growth  rate 


enhancement  of  Si  from  SiCl2H2  [10]  which  accounts 
for  the  increase  in  the  thickness  of  the  Si  layer  between 
the  As  spikes.  However,  the  observation  of  a  self-limit¬ 
ing  process  for  As  doping  has  some  promise  for  ALD 
in  CVD  techniques  to  meter  precise  As  doses  into  Si. 

4.  Conclusion 

We  have  investigated  different  methods  to  incorporate 
ALD  in  both  MBE  and  CVD  environments.  So  far  we 
have  determined  that  self-limiting  reactions  do  occur  for 
n-type  dopants  Sb  and  ASH3 .  However,  these  species  also 
have  the  problem  of  surface  segregation.  B2H6  was  not 
found  to  self-limit  in  the  process  parameter  space  ex¬ 
plored  in  the  experiments  we  have  described,  although  at 
low  temperatures  it  is  expected  to  self-limit.  In  addition, 
the  experiments  permit  a  new  way  of  looking  into  surface 
kinetics  for  doping  in  APCVD  and  gas  source  MBE 
which  may  alfect  the  optimization  of  growth  in  the  future. 
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Abstract 

Atomic  H  is  proposed  for  the  reducer  gas  in  the  atomic  layer  epitaxy  (ALE)  of  Si.  Its  high  reactivity  makes  it 
possible  to  remove  surface-terminating  adsorbates,  which  cause  the  self-limitation  of  unwanted  successive  deposition 
of  Si  compounds,  at  low  temperature.  The  ALE  growth  was  attempted  by  the  alternating  exposure  of  the  Si(lll) 
substrate  to  SiH2Cl2  and  H.  Ideal  monolayer  growth  was  obtained  and  the  growth  rate  was  independent  of  the  gas 
volumes  and  the  substrate  temperature.  The  lower  ALE  limit  of  the  substrate  temperature  was  540  ‘^C,  about  250 
lower  than  the  case  of  H2  as  the  reducer  gas. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE),  which  provides  the  pre¬ 
cise  control  of  grown  layer  thickness  on  an  atomic  level, 
is  one  of  the  most  promising  technologies  for  the  devel¬ 
opment  of  ultrahigh  speed  devices  and  optoelectronic 
devices  containing  new  materials  and  structures  such  as 
superlattices.  In  particular,  ALE  of  group  IV  semicon¬ 
ductors  is  very  important  because  the  new  materials  and 
structures  based  on  Si,  for  example  Si— Ge  superlattices 
or  heterojunction  structures,  fit  Si  device  technologies 
much  better  than  the  other  compound  semiconductor 
materials. 

For  II -VI  or  III-V  compound  semiconductors,  ALE 
growth  has  been  achieved  by  sequential  injections 
of  source  gases  containing  corresponding  components 
of  semiconductors,  whose  heterogeneous  reactivities 
change  with  surface  conditions  [1,  2].  On  the  contrary, 
group  IV  semiconductors  are  constructed  with  only  one 
component.  Therefore,  ALE  of  group  IV  elements  con¬ 
sists  of  two  processes  as  follows. 

The  first  step  of  ALE  is  the  monolayer  adsorption  of 
partially  decomposed  source  gas  molecules  over  the 
clean  surface.  The  adsorbate  is  constructed  with  an  Si 
(or  a  Ge)  atom  and  another  kind  of  atom  (or  group) 
bonded  with  Si  (or  Ge),  such  as  SiCl^.  (or  Ge(CH3)^.). 
The  Si  (or  Ge)  atoms  in  adsorbates  terminate  the 
surface  dangling  bonds  and  form  a  grown  monolayer, 
and  the  atoms  (or  groups)  such  as  Cl  (or  CH3)  cover 
the  newly  grown  layer  surface.  Therefore,  when  the 
whole  surface  is  covered  by  the  adsorbates,  monolayer 
growth  is  achieved.  Further  source  gas  cannot  be  ad¬ 
sorbed  chemically  because  the  surface  is  completely 
covered  and  there  are  no  dangling  bonds.  As  a  result, 
the  growth  is  limited  to  1  monolayer,  i.e.  self-limiting 
growth  is  achieved. 


The  second  step  is  the  removal  of  the  surface  termi¬ 
nating  atoms  (or  groups)  in  some  way.  A  new  clean 
surface  is  created  on  the  grown  monolayer,  and  mono- 
layer  growth  in  the  next  cycle  is  made  possible. 

Although  many  studies  of  the  ALE  of  compound 
semiconductors  were  reported  after  the  proposal  of 
ALE  in  the  1970s  [1],  Si  ALE  has  been  achieved  in  the 
last  few  years  only.  The  first  successful  ALE  of  Si  was 
reported  by  Nishizawa  et  al.  [3,  4]  using  dichlorosilane 
(SiH2Cl2)  as  the  source  gas  and  hydrogen  (H2)  as  the 
reducer  gas.  SiH2Cl2  was  decomposed  into  SiCl^,,  and 
SiCl;^-  was  adsorbed  on  the  clean  Si  surface.  The  clean 
surface  was  recovered  by  the  reduction  of  surface-termi¬ 
nating  Cl  atoms  by  H2  to  HCl.  The  growth  temperature 
was,  however,  more  than  815  °C  for  Si(lOO)  and  more 
than  890  X  for  Si(lll)  because  Cl  atoms  bonded 
strongly  to  Si  atoms  are  reduced  only  at  high  tempera¬ 
ture.  This  temperature  is  too  hot  for  the  fabrication  of 
new  materials  and  structures  such  as  Si-Ge  heterojunc¬ 
tions  or  superlattices  because  of  the  interdiffusion  of  Si 
and  Ge. 

Two  possible  ways  to  lower  the  substrate  tempera¬ 
ture  exist.  The  first  is  the  use  of  a  higher  silane  as  a 
source  gas,  where  surface-terminating  atoms  are  H 
atoms  instead  of  Cl  atoms.  FI  atoms  terminating  the  Si 
surface  are  well  known  to  be  thermally  desorbed  from 
the  Si  surface  at  about  600  °C,  which  is  much  lower 
than  for  Cl  atoms  [5].  Therefore,  repetition  of  the 
injection  of  a  higher  silane  as  the  source  gas  and 
heating  of  the  substrate  for  thermal  desorption  of  H 
atoms  can  result  in  ALE. 

Suda  et  al  [6,  7]  and  Lubben  et  al  [8,  9]  have  achieved 
UV-photostimulated  ALE  growth  using  Si2H6  as  the 
source  gas  and  KrF  laser  pulse  (20  ns)  irradiation.  ALE 
on  Si(lOO)  surfaces  was  obtained  for  steady-state  sub¬ 
strate  temperatures  from  180  °C  to  400  °C.  Imai  et 
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al  [10]  have  reported  temperature  modulation  ALE 
using  Si3Hg  as  the  source  gas  and  rapid  substrate 
temperature  modulation  by  an  electric  current  flowing 
through  the  substrate.  ALE  on  Si(lll)  was  confirmed 
at  substrate  temperature  below  380  °C  in  the  adsorption 
phase  and  above  520  °C  in  the  desorption  phase.  How¬ 
ever,  growth  rates  obtained  in  these  reports  were  less 
than  ideal  monolayer  growth,  0.4  monolayers  cycle 
and  0.8  monolayers  cycle"'  respectively. 

The  second  way  to  lower  the  ALE  temperature  is  the 
use  of  a  reducer  much  more  active  than  H2.  We  pro¬ 
pose  here  atomic  H  as  the  reducer  gas  instead  of  H2  in 
Si  ALE  growth.  H  atoms  can  be  created  easily  and 
without  a  plasma  by  decomposition  of  H2  using  an 
incandescent  tungsten  filament  [11,  12].  Si  ALE  growth 
by  sequential  exposures  to  SiH2Cl2  as  the  source  gas 
and  H  as  the  reducer  gas  was  attempted.  Ideal  mono- 
layer  growth  per  cycle  has  been  demonstrated  at 
540  °C.  The  system,  the  experimental  conditions,  and 
detailed  results  are  also  discussed. 


2.  Experimental  details 

The  ALE  system  used  in  our  experiment  was  assem¬ 
bled  as  shown  in  Fig.  1.  The  reaction  chamber  was  a 
stainless  steel  cylinder  of  95  mm  diameter  and  220  mm 
length.  The  chamber  was  evacuated  by  a  150  1  sec"' 
turbomolecular  pump  located  at  the  bottom  of  the 
chamber  to  a  background  pressure  of  3  x  10"^Torr. 
The  gas  residence  time  was  shortened  to  less  than  1  s. 

A  gas  nozzle  was  set  at  the  top  of  the  chamber.  The 
gas  supply  system  had  an  SiH2Cl2  line  and  an  H2  line. 
Flow  rates  of  gases  were  fixed  by  mass  flow  controllers 
(MFCs).  Also,  a  set  of  computer-controlled  valves  was 
placed  just  above  the  nozzle  and  vent  line.  When  one  of 
the  gases  started  to  flow,  it  was  passed  through  the  vent 
line  until  the  MFC  operation  became  stable.  After  the 
gas  flow  became  stable,  the  flow  to  the  vent  was 
changed  quickly  into  the  chamber. 


TMP 


Fig.  1 .  Schematic  view  of  the  ALE  system. 


A  loading  system  evacuated  by  a  turbomolecular 
pump  was  used  to  load  and  unload  a  substrate  without 
breaking  the  vacuum  of  the  reaction  chamber.  The 
substrate  measuring  5  mm  x  28  mm  was  transferred  to 
the  substrate  holder  at  the  opposite  side  of  the  loading 
system.  The  holder,  made  of  tantalum  sheets,  picked  up 
the  sample  at  both  ends.  The  substrate  was  heated  by 
an  electric  current  flow  through  it.  The  substrate  tem¬ 
perature  was  fixed  by  setting  the  supplied  electric 
power,  whose  relationship  to  the  temperature  had  al¬ 
ready  been  determined. 

H  atoms  were  created  by  dissociation  of  H2  at  an 
incandescent  tungsten  filament  set  about  1  cm  below 
the  gas  nozzle  in  the  reactive  chamber.  The  filament 
was  incandescent  only  while  H2  was  injected  into  the 
chamber.  The  temperature  at  the  incandescent  filament 
was  a  little  less  than  2000  ""C.  It  was  confirmed  by 
microscopic  examination  that  no  change  due  to  the 
incandescent  filament  occurred  on  the  substrate  surface 
positioned  at  the  holder.  It  was  also  confirmed  by  in 
situ  resistance  measurement  of  the  substrate  that  the 
temperature  increased  by  less  than  20  ""C  while  the 
filament  was  on. 

The  Si(  1 1 1)  substrates,  partially  covered  with  thermal 
oxide,  were  chemically  cleaned  by  the  RCA  method  and 
dipped  in  diluted  HF  before  loading.  A  substrate  was 
inserted  into  the  chamber  and  cleaned  thermally  at 
1000  °C  for  5  min  in  high  vacuum.  After  that,  100 
cycles  of  ALE  growth  were  performed. 

Si  ALE  growth  using  atomic  H  follows  time  se¬ 
quences  shown  in  Fig.  2.  The  standard  set  of  parame¬ 
ters  are  tabulated  in  Table  1.  These  values  were  used 
throughout  the  experiment  unless  otherwise  mentioned. 
A  diagram  of  the  schematic  surface  conditions  are  also 
shown  in  Fig.  3.  Five  phases,  i.e.  (1)  SiH2Cl2  injection, 
(2)  SiH2Cl2  evacuation,  (3)  H2  injection  with  the  incan¬ 
descent  filament,  (4)  H2  injection  without  the  incandes¬ 
cent  filament  and  (5)  H2  evacuation,  are  included  in  a 
cycle.  SiH2Cl2  injection  corresponds  to  the  first  step  of 
ALE,  that  is  the  monolayer  adsorption  of  SiCl^,..  In  this 
phase,  SiH2Cl2  as  the  source  gas  injected  from  the 
nozzle  arrives  at  the  clean  surface  filled  with  dangling 
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Fig.  2.  Time  sequences  of  gas  flows  and  filament  power. 
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TABLE  1.  Set  of  standard  atomic  layer  epitaxy  growth  parameters 


Duration  of  adsorption  interval 

10  s 

Duration  of  exhaust  interval 

30  s 

Duration  of  reduction  interval 

15s 

Duration  of  filament  cooling  interval 

10  s 

Duration  of  exhaust  interval 

30  s 

Substrate  temperature 

650  "C 

SiH2Cl2  flow  rate 

2.6  standard  cm^  min“’ 

H2  flow  rate 

1.0  standard  cm^min"^ 

Filament  temperature 

<2000  °C 

Substrate  orientation 

(111) 

Substrate  size 

5  mm  X  28  mm 

o  :H  Atom 
•  :C1  Atom 
O  :Si  Atom 


(  a  )  (  b  ) 


Fig.  3.  Schematic  diagrams  of  the  surface  condition:  (a)  SiCI^.  ad¬ 
sorption;  (b)  Cl  reduction. 


bonds  and  is  decomposed  into  SiCl^,.  SiCl,.  terminates 
the  dangling  bonds  and  makes  the  adsorption  layer. 
Successive  adsorption  of  SiCl^,-  on  the  SiCl^,.  layer  cannot 
occur  because  there  are  no  dangling  bonds  on  the  SiCl.^. 
layer.  Thus,  the  adsorption  is  limited  to  a  monolayer. 
The  gas  pressure  under  the  standard  condition  in  Table 
1  was  1.5  X  lO"-"^  Torr.  After  monolayer  growth,  the  gas 
injection  is  stopped  and  the  excess  gas  in  the  chamber  is 
evacuated  to  a  pressure  of  less  than  10"^  Torr. 

Next,  H2  is  injected  from  the  nozzle  and  then  the 
tungsten  filament  is  turned  on;  that  corresponds  to  the 
second  step  of  the  ALE,  that  is  the  recovery  of  the 
clean  surface.  H2  molecules  arriving  at  the  filament  are 
decomposed  into  H  atoms,  and  H  atoms  arriving  on  the 
surface  reduce  Cl  atoms  on  the  surface.  The  H2  pressure 
in  this  phase  was  2  x  10“"^  Torr.  After  the  reduction, 
the  filament  is  turned  off  but  H2  is  still  injected  for  a 
short  while  to  cool  the  filament.  At  the  end  of  the  cycle, 
excess  H2  is  evacuated.  After  the  H2  evacuation,  the 
next  SiH2Cl2  injection  starts  again  and  the  cycle  is 
repeated. 

After  100  cycles  of  ALE  growth,  the  sample  was 
taken  out  from  the  chamber  and  the  oxide  covering 
the  surface  was  removed  by  HE.  The  grown  layer 
thickness  was  measured  with  a  Talystep  instrument. 
The  crystallinity  and  the  surface  morphology  of  the 
grown  layers  were  estimated  by  reflection  high  energy 
electron  diffraction  (RHEED)  and  scanning  electron 
microscopy  (SEM). 


Fig.  4.  Thickness  per  unit  ALE  cycle  as  a  function  of  the  H2  gas 
volume  within  an  ALE  cycle. 


3.  Results  and  discussion 

Figure  4  shows  the  growth  rate  as  a  function  of  the 
injected  H2  gas  volume  per  cycle  with  a  substrate 
temperature  of  650  °C.  Only  the  H2  gas  flow  rate  was 
changed  and  the  duration  of  the  reduction  interval  was 
kept  at  the  constant  values  tabulated  in  Table  1.  The 
case  without  the  incandescent  filament  is  also  indicated 
by  a  full  circle.  When  the  filament  was  not  used,  no 
growth  occurred.  However,  when  the  filament  was  used, 
the  growth  rate  increased  with  H2  volume.  This  means 
that  H  atoms  were  effective  for  Cl  reduction  at  low 
temperatures.  Reaching  1  monolayer  cycle  the 
growth  rate  was  saturated,  that  is  ALE  growth  was 
achieved  in  spite  of  very  low  substrate  temperatures. 

Figure  5  shows  the  growth  rate  as  a  function  of  the 
SiH2Cl2  gas  volume  at  substrate  temperatures  of 
510  ^C,  650  °C  and  790  °C.  Only  the  SiH2Cl2  gas  flow 
rate  was  changed  and  the  duration  of  the  adsorption 
interval  was  kept  constant  as  tabulated  in  Table  1.  At 


Fig.  5.  Thickness  per  unit  ALE  cycle  as  a  function  of  the  SiH2Cl2  gas 
volume  within  an  ALE  cycle. 
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Fig.  6.  Thickness  per  unit  ALE  cycle  as  a  function  of  the  substrate 
temperature. 

510  ""C,  the  growth  rate  increased  with  the  gas  volume, 
but  was  less  than  1  monolayer  cycle  “  ^ .  The  reason  will 
be  given  later.  At  650  °C,  the  growth  rate  increased  to 
1  monolayer  cycle”’  with  the  gas  volume  and  became 
saturated.  In  this  saturation  region,  ALE  growth  was 
achieved.  However,  when  the  volume  increased  further 
the  growth  rate  exceeded  1  monolayer  cycle"’.  This 
means  that  the  self-limitation  of  the  adsorption  was 
broken.  The  surface-terminating  Cl  atoms  are  assumed 
to  be  removed  by  some  reaction  with  SiH2Cl2  or  H2 
generated  by  SiH2Cl2  decomposition.  At  790  °C,  the 
growth  rate  increased  over  1  monolayer  cycle”’  with  no 
clear  saturation. 

Figure  6  shows  the  Arrhenius  plot  of  the  growth  rate 
with  various  SiH2Cl2  volumes.  With  a  gas  volume  of 
0.45  cm^  cycle”’,  ideal  monolayer  growth  per  cycle  was 
obtained  over  a  wide  temperature  range.  Lower  and 
higher  limiting  temperatures  of  ALE  growth  were  540  °C 
and  650  °C  respectively.  The  growth  rate  exceeded  1 
monolayer  cycle”’  in  the  regions  above  650  °C,  where 
the  self-limitation  of  the  adsorption  was  broken.  In  the 
region  below  540  °C  the  growth  rate  was  less  than  1 
monolayer  cycle"’.  In  this  region,  the  activation  energy 
of  the  growth  rate  was  2.1  eV.  This  value  is  equal  to  that 
of  the  desorption  of  H  atoms  from  the  Si(  1 1 1)  substrate 
obtained  from  gas  source  molecular  beam  epitaxy  using 
Si3Hg  [10].  Moreover,  H  atoms  adsorbed  on  a  Si  surface 
are  well  known  to  be  desorbed  from  the  Si  surface  above 
600  °C  [5].  Therefore,  the  ALE  growth  rate  was  less  than 
ideal  monolayer  growth  below  540  °C  not  because  the 
surface-terminating  Cl  atoms  were  not  reduced  but 
because  excess  H  atoms  terminated  the  clean  surface 
which  had  been  recovered  by  the  removal  of  Cl  atoms 
with  the  help  of  H  atoms. 

When  the  gas  volume  decreased,  the  higher  limit  of 
the  temperature  range  of  ALE  was  raised  because  the 
rate  of  reaction  breaking  the  self-limitation  of  the 


growth  decreased  as  shown  in  Fig.  4.  On  the  contrary, 
the  lower  limit  of  ideal  monolayer  growth  increased  and 
another  region  appeared  where  the  growth  rate  was  less 
than  1  monolayer  cycle"’  but  the  activation  energy  was 
much  less  than  2.1  eV.  In  this  region,  insufficient  SiCl.^ 
adsorption  decreased  the  growth  rate.  The  temperature 
range  of  ALE  narrowed  with  the  decrease  in  the 
SiH2Cl2  gas  volume.  The  ALE  region  vanished  at  a 
source  gas  volume  of  0.09  cm^  cycle"’. 

Although  we  carried  out  no  direct  investigation  of 
the  kinetics  of  the  surface  reaction,  we  are  convinced 
that  the  ALE  processes  were  executed  because  the 
growth  rate  kept  constant  at  1  monolayer  cycle"’  and 
there  is  no  dependence  on  the  gas  volumes  or  the 
substrate  temperature  over  a  wide  range  of  conditions. 


Fig.  7.  RHEED  pattern  of  the  grown  layer. 


H - 1 

200 nm 


Fig.  8.  SEM  image  of  the  grown  layer.  There  is  a  dust  particle  for 
focusing  at  the  centre. 
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The  RHEED  pattern  and  SEM  image  are  shown  in 
Figs.  7  and  8,  where  the  chemical  cleaning  process  was 
changed  to  the  method  of  Ishizaka  and  Shiraki  [13].  The 
RHEED  pattern  had  clear  spots  although  the  pho¬ 
tograph  was  taken  after  the  sample  had  been  exposed  in 
air.  However,  the  SEM  image  showed  a  fine  structure  on 
the  surface. 

4.  Conclusions 

Si  ALE  using  atomic  H  has  been  proposed  and 
demonstrated  successfully.  The  growth  rate  obtained 
from  the  experiment  was  1  monolayer  cycle” and  the 
lower  temperature  limit  of  the  ALE  was  540  °C.  The 
lower  temperature  limit  of  the  ALE  was  the  temperature 
at  which  the  H  atoms  started  to  terminate  the  clean  Si 
surface.  Atomic  H  is  expected  to  be  useful  for  removing 
the  various  self-limiting  adsorbates  such  as  F,  Cl  and 
CH3  with  lower  temperatures  and  thus  this  concept  will 
be  useful  not  only  for  Si  ALE  but  also  for  Ge  ALE  and 
compound  semiconductor  ALE  such  as  that  with  GaAs. 
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Abstract 

Potential  methods  for  atomic  layer  epitaxy  growth  of  Si  using  halogenated  silane  precursors  are  discussed.  One 
method  uses  alternating  exposures  of  Si2H6  and  Si2Cl6.  This  method  deposits  “new”  Si  (Si*)  on  Si(lOO)  as 
demonstrated  through  the  attenuation  of  a  boron  “marker”  layer.  Another  method  uses  self-terminating  adsorption 
of  SiClH3  or  SiCl2H2  at  about  500  ‘'C,  followed  by  exposure  to  atomic  H.  Only  the  initial  adsorption  step  of  this 
method  is  studied  here. 


1.  Introduction 

Growth  of  II- VI  and  III-V  semiconductor  thin  films 
in  a  self-limiting,  layer-by-layer  manner  using  alternat¬ 
ing  exposures  of  precursor  gases  has  been  termed 
atomic  layer  epitaxy  (ALE)  [1,  2].  This  technique  offers 
the  ultimate  in  control  of  growth  rate  and  uniformity  of 
film  thickness  over  large  areas.  For  these  binary  semi¬ 
conductors,  self-limiting  gas  adsorption  and  the  forma¬ 
tion  of  a  partially  ionic  (polar)  bond  in  the  solid  are 
aided  by  the  difference  in  the  elemental  electronegativ¬ 
ity  between  the  two  elements.  Also,  successful  ALE 
reactions  are  thermodynamically  favorable.  In  group  IV 
semiconductors  this  aspect  for  self-limiting  adsorption 
and  partially  ionic  bond  formation  does  not  apply. 

Two  Si*  growth  methods  are  compared  here.  One 
strategy  for  ALE  growth  is  to  dose  the  surface  alter¬ 
nately  with  Si  precursors  that  have  atoms  of  different 
electronegativities,  such  as  H  and  Cl  [3].  This  process 
deposits  “new”  Si  (which  we  will  represent  by  Si*)  on 
the  Si  substrate  through  the  formation  of  HCl.  Using 
alternating  exposures  to  Si2Cl6  and  Si2H6,  we  demon¬ 
strate  isothermal  growth  of  Si*  on  Si(lOO)  [3].  A  differ¬ 
ent  reaction  scheme  is  to  terminate  fully  the  surface 
dangling  bonds  (DBs)  using  a  halogenated  silane  and 
then  to  remove  the  surface  halogen  using  atomic  H  [4, 
5].  If  the  adsorption  of  precursor  is  self-limiting,  a 
reproducible  quantity  of  Si*  is  added  for  each  cycle. 
However,  this  second  reaction  scheme  must  be  imple¬ 
mented  at  surface  temperatures  high  enough  for  H2 
and  HCl  desorption  to  be  rapid  so  that  a  clean  surface 
exists  for  the  next  ALE  cycle.  The  adsorption  of  SiClH3 
and  SiCl2H2  is  studied  here  by  monitoring  in  real  time 
the  changes  in  the  Cl  and  H  surface  concentrations 
during  adsorption. 


2.  Experimental  results 

The  technique  used  to  measure  the  atomic  concentra¬ 
tions  during  precursor  exposure  is  time-of-flight  scatter¬ 
ing  and  recoiling  spectroscopy  (TOE  SARS),  which  has 
been  described  in  detail  by  Rabalais  [6,  7]  and  briefly 
by  us  [8,  9].  Both  the  ion  source  and  the  detector  TOE 
leg  are  attached  to  a  scattering  chamber  with  a  base 
pressure  of  2xlO"^®Torr.  The  scattering  geometry 
showing  how  the  incident  angle  a  and  the  recoil  angle  <P 
are  defined  in  Eig.  1  of  ref.  6  and  also  in  Eig.  2  of  ref. 
8.  A  grid  in  front  of  the  detector  was  biased  at  -f4  kV, 
and  therefore  the  detected  signal  comprises  direct  recoil 
(DR)  atoms.  Near  grazing  a  the  DR  signal  is  most 
sensitive  to  the  first  layer  atomic  concentrations  [8,  9], 
because  the  DR  atoms  formed  from  the  binary  collision 
with  the  incident  beam  must  have  a  line  of  sight  to  both 
the  incident  beam  and  the  detector  [10].  Eor  all  TOE 
spectra  shown  here,  the  K"^  dose  per  spectrum  was  less 
than  10“^  ML,  with  accumulated  doses  not  exceeding 
10"^  ML  in  a  series  of  spectra  [3]. 

2,1.  5^/2 7^6  SijClf,  exchange  reaction 

The  first  Si  ALE  process  studied  used  alternating 
doses  of  Si2Cl6  and  Precursors  were  dosed 

through  a  quartz  glass  tube  and  the  pressure  was 
measured  with  an  ion  gauge.  The  amount  of  8)2 Cl6 
needed  to  exchange  the  H  to  a  Cl-terminated  surface 
(Si2Cl6^^— >  H)  and  the  amount  of  Si2H6  needed  to 
exchange  the  Cl  to  an  H-terminated  surface  (Si2H6 

- >  Cl)  was  monitored  in  the  DR  spectra  at  different 

Tg.  These  exchange  reactions  are  shown  in  Fig.  1  for 
Ts  =  475  °C  and  ^  =  39°.  In  Fig.  1,  curve  A,  the  Si 
direct  recoil  (SIdr)  peak  is  observed  at  flight  time  of 
7.80  ps,  and  this  spectrum  is  representative  of  a  clean 
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Fig.  1.  TOF  DR  spectra  from  Si(100)-(2  x  1)  surface  using  a  4keV 
K+  beam,  with  an  incident  angle  a  of  S'"  with  respect  to  the  surface 
plane  and  a  recoil  angle  of  39°.  This  figure  shows  the  Si2H6  and 
Si2Cl6  exchange  reactions  for  a  surface  temperature  of  475  °C.  Spec¬ 
trum  A,  TOF  spectrum  from  a  clean  Si(lOO)  surface  where  the  Sio^ 
peak  appears  at  7.80  ps.  Spectrum  B,  surface  after  dosing  with  Si2Cl6 
and  the  CI^r  peak  appears  at  8.66  ps.  Spectrum  C,  surface  after 
dosing  with  Si2H6  and  the  H^r  peak  appears  at  4.65  ps.  Spectrum  D, 
surface  after  another  dose  with  Si2Cl6. 

surface.  In  Fig.  1,  spectrum  B,  the  clean  surface  has 
been  exposed  to  10^^  Si2Cl6  cm“^  (about  5  x  10”^  Torr, 
for  2  min)  at  475  °C  and  then  quenched  to  200-300  °C. 
This  spectrum  shows  the  CIdr  peak  at  8.66  ps  which  is 
not  totally  resolved  from  the  Si^R  peak.  This  surface 
should  correspond  to  about  1  ML  of  monochloride 
species  because  only  monochlorides  have  been  observed 
at  this  Ts  [11].  Desorption  of  Cl  from  the  surface  at 
475  °C  is  negligible  and  this  surface  is  thermally  stable 
for  times  in  excess  of  30  min  [3].  Next  the  surface  was 
dosed  with  2  x  10^®  Si2H6cm"^  (about  2  x  lO'^^Torr, 
10  min)  at  rs^475  °C,  quenched  to  Ts  =  200-300  °C 
so  that  no  H  desorbs,  and  spectrum  C  in  Fig.  1  was 
recorded.  In  Fig.  1,  spectrum  C,  the  H  DR  time  is 
4.65  ps  and  this  signal  is  clearly  separated  from  the  Si 
and  Cl  DR  signals.  It  is  evident  that  the  CLterminated 
surface  has  been  exchanged  for  an  H-terminated  sur¬ 
face.  Finally,  the  H-terminated  surface  can  be  con¬ 
verted  back  to  the  monochloride  surface  as  shown  in 
Fig.  1,  spectrum  D,  by  redosing  with  Si2Cl6. 

The  exchange  of  H  to  Cl  (Si2Cl6 - ^  H)  at  475  °C  is 

expected  to  be  facile  because  H2  desorption  creates 


vacant  DBs  for  Si2Cl6  adsorption  on  the  tiimescale  of 

10-15  min.  The  exchange  of  Cl  to  H  (Si2H6 - ^Cl) 

step  is  slower  because  the  Cl  desorbs  as  HCl  which  is 
about  50-100  times  slower  than  H2  desorption  [3].  As 
the  Si2H6 - ^C1  reaction  proceeds  and  the  H  concen¬ 

tration  increases,  Si2H6  is  adsorbed  on  DBs  vacated 
from  both  HCl  and  H2  desorption.  This  means  that  the 

Si2H6 - ^  Cl  reaction  is  not  self-limiting.  Extrapolating 

from  the  Si2H6  growth  rate  measurements  of  Mokler  et 
aL  [12],  we  estimate  additional  growth  from  Si2H6  to  be 
about  0.1  A  min-'  for  rs  =  475°C.  At  7’s<475°C, 
more  of  each  reactant  is  needed  to  exchange  the  surface 
completely,  while  at  Tg  >  475  °C  smaller  exposures  are 
needed  [3]. 

To  prove  that  Si*  was  grown,  the  initial  Si(lOO) 
surface  was  elementally  “marked”  with  B  and  attenua¬ 
tion  of  the  B  DR  signal  [8,  9,  13]  was  monitored  as  the 
surface  was  dosed  with  Si2H6  and  Si2Cl6.  Previously  it 
has  been  shown  for  the  Si(lOO)  that  B  atoms  are 
substitutionally  incorporated  into  the  outer  two  surface 
layers  [14],  that  the  surface  remains  ordered  after  an¬ 
nealing  at  700  °C  [15],  and  that  epitaxial  Si  can  be 
grown  atop  the  ordered  B  layer  [15]. 

The  B-doped  surface  (B/Si(100))  was  prepared  by 
dosing  a  clean  Si(lOO)  surface  with  2  x  10^^  B10H14  at 
200  °C  and  annealing  to  650  °C.  Dosing  and  annealing 
with  this  amount  of  B  appears  to  incorporate  at  least 
1/2  ML  of  B  into  the  outer  two  surface  layers  as 
discussed  later;  however,  it  is  not  known  exactly  how  this 
B  is  distributed  in  the  B/Si(100)  surface  prepared  in  this 
manner  [14,  15].  A  DR  spectrum  of  the  resulting  surface 
is  shown  in  Fig.  2,  spectrum  A,  where  the  B^r  signal  is 
observed  at  5.79  ps.  Each  exchange  reaction  was  per¬ 
formed  at  Tg  =  400  °C,  using  gas  exposures  similar  to 
those  shown  in  Fig.  1.  These  results  are  shown  in  Fig. 
2.  Evidence  that  Si*  grew  on  the  B/Si(100)  surface  at 
Tg  =  400  °C  is  seen  by  the  decrease  in  the  B^r  signal  in 
Fig.  2,  spectrum  C,  which  is  roughly  1/2  the  original  B^r 
signal  in  Fig.  2,  spectrum  A.  Because  the  H^r  and  B^r 
signals  overlap,  it  is  hard  to  quantify  the  additional 
attenuation  in  Fig.  2,  spectrum  E;  however,  the  B^r 
signal  in  Fig.  2,  spectrum  E,  is  slightly  less  than  in  Fig. 
2,  spectrum  C.  Growth  of  Si*  on  a  Ge(lOO)  surface  by 
this  method  has  also  been  demonstrated  [16]. 

As  well  as  providing  an  initial  “marker”  layer  the 
substitutional  B  also  has  a  profound  impact  on  the  rate 
of  chemical  exchange  and  hence  the  Tg  at  which  the 
film  was  grown.  The  substituted  boron  weakens  the 
Si-H  and  Si -Cl  bonds  and  this  was  confirmed  in 
temperature  programmed  desorption  (TPD)  measure¬ 
ment  [3].  Both  the  TPD  peaks  and  leading  edges  were 
shifted  to  lower  Tg  on  the  B/Si(100)  surface  compared 
with  the  clean  Si(lOO)  surface  [3].  This  explains  why  the 
exchange  reactions  succeed  on  the  B/Si(100)  surface  at 
400  '"C,  while  on  the  clean  Si(lOO)  surface  no  exchange 
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Fig.  2.  Si2H6  and  Si2Cl6  exchange  spectra  measured  for  the  B-doped 
Si(lOO)  surface,  similar  to  Fig.  1  (surface  temperature,  400  °C).  The 
Bdr  peak  appears  at  5.79  ps.  Spectrum  A,  BioH,4  dosed  and  an¬ 
nealed,  giving  the  B/Si(100)  surface.  Spectrum  B,  B/Si(100)  surface 
dosed  with  4  x  10’^  Si2H6cm"^.  Spectrum  C,  surface  of  spectrum  B, 
dosed  with  2  x  10'^  Si2Cl6cm“^.  Spectrum  D,  surface  of  spectrum  C, 
dosed  with  1  x  10^°  Si2H6cm"^.  Spectrum  E,  surface  of  spectrum  D, 
dosed  with  5  x  10^^  Si2Cl6cm“^. 

is  possible  at  such  a  low  temperature  [3],  Also,  the 
integrated  peak  areas  for  saturation  coverages  of  Si2H6 
and  Si2Cl6  were  about  1/2  as  large  on  the  B/Si(100) 
surface  compared  with  the  clean  surface  [3].  This  differ¬ 
ence  in  the  saturation  coverage  of  H  and  Cl  implies  that 
the  substitutional  boron  renders  1/2  of  the  Si  DBs 
chemically  inactive.  The  growth  of  Si*  on  this  interface 
is  strikingly  different  on  this  surface  compared  with 
clean  Si(lOO)  [3,  15]. 

2.2.  Evaluation  of  Si  precursors:  SiClH^  and  SiCl2ff2 

The  adsorption  of  two  chlorinated  silanes,  SiClH3 
and  SiCl2H2  was  studied  in  real  time  using  TOP  SARS 
while  the  gas  was  dosed  at  elevated  T^.  These  precur¬ 
sors  were  studied  since  they  might  deliver  about  1  ML 
or  about  1/2  ML  of  Si*  using  SiClH3  and  SiCl2H2 
respectively  [17].  This  would  be  true  if  H2  could  be  the 
only  desorbed  product  during  the  adsorption. 

Figure  3  illustrates  real-time  DR  measurements  of 
the  surface  Cl  and  H  concentrations  during  adsorption 
of  SiClH3  and  SiCl2H2  at  =  450  °C.  The  DR  spectra 
in  Fig.  3  were  measured  under  a  constant  flux  of  about 
2x  lO'^cm-^s"'  of  SiClH3  (Fig.  3(a))  and  SiCl2H2 


Fig.  3.  DR  spectra  measured  during  dosing  of  about  2  x  10^^ 
cm-^s-'  with  (a)  SiClH3  and  (b)  SiCl2H2  at  450  “C.  Here  a  =  9.5" 
and  ^  =  30".  The  spectra  were  measured  for  1  min  each  and  the  time 
reported  on  the  left-hand  side  of  each  spectrum  corresponds  to  the 
last  measuring  time,  i.e.  1  min  corresponds  to  counting  from  0  to 
1  min.  Also  shown  in  the  upper  right-hand  side  of  (a)  is  the  Hqr 
signal  corresponding  to  0^  =  1. 

(Fig.  3(b)).  Because  was  changed  from  39°  to  30°,  the 
DR  flight  times  are  shorter  compared  with  Figs.  1  and 
2:  SioR,  7.0  |is;  Hdr,  4.17  ps;  CI^r,  7.8  ps.  At  this  T^, 
the  adsorbed  coverages  of  H  and  Cl  exhibit  a  pro¬ 
nounced  dynamical  change  in  concentration.  This  is 
clearly  observed  in  the  signal  from  SiClH3,  which 
is  initially  large  but  then  decreases  as  H2  desorbs  and 
more  SiClH3  adsorbs  onto  the  vacated  DB  sites.  This 
change  in  the  H^r  is  also  observed  in  SiCl2H2  adsorp¬ 
tion  but  to  a  lesser  extent.  The  initial  concentrations  of 
Cl  and  H  reflect  the  precursor  C1:H  concentration  of  1:3 
(SiClF[3)  or  1:1  (SiCl2H2).  Eventually  the  H^r  and  CW 
signals  reach  constant  values  using  both  precursors, 
but  only  after  about  6-8  min.  After  8  min  of  dosing, 
we  estimate  Cl  coverage  (Oa)  =  H  eoverage 

6)h  =  0.3  for  SiClH3  and  0c\  =  0.85  and  S^  =  0.15  for 
SiCl2H2,  with  the  details  given  elsewhere[17]. 

Dynamic  adsorption  of  both  gases  was  also  studied  at 
Tg  =  500  °C,  as  shown  in  Fig.  4  [17].  The  H^r  and  CIdr 
signal  from  SiClH3  (Fig.  4(a))  is  constant  during  the 
dosing  time  with  0c\  =  0,75.  The  signal  from 

SiCl2H2  (Fig.  4(b))  exhibits  a  small  but  noticeable 
transient  behavior,  and  after  3  min  reaches  0ci  =  L  To 
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that  self-limiting  adsorption  of  halogenated  silanes 
might  not  be  feasible.  At  suitable  for  H2  desorption 
some  HCl  also  desorbs  allowing  adsorption  of  more 
precursor.  A  fully  self-limiting  Cl  layer  using  SiClH3 
never  forms,  rendering  this  gas  useless  for  ALE.  A 
self-limiting  Cl  layer  is  formed  using  SiCl2H2  at 
rs  =  500-550  °C  [17].  However,  dosing  with  SiCl2H2 
above  500  °C  leads  to  significant  SiCl2  desorption  over 
the  dosing  time  of  100  s  [17].  Desorption  of  HCl  and 
SiCl2  is  significantly  reduced  if  SiCl2H2  is  dosed  at 
500  °C.  It  is  not  known  how  much  additional  Si*  is 
deposited  from  HCl  desorption.  If  the  amount  of  Si* 
deposited  per  cycle  is  not  important  but  adsorption  of  a 
self-limiting  layer  is  important  then  fully  halogenated 
silanes  should  be  used. 

For  both  ALE  processes  presented  in  this  paper,  the 
growth  rate  of  Si*  is  limited  by  the  desorption  rate  of 
H2  and  HCl.  These  desorption  rates  will  govern  Si  ALE 
cycle  times,  the  prospect  of  achieving  self-limiting  ad¬ 
sorption,  and  the  ALE  process  temperature. 
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check  for  self-terminated  adsorption,  the  dosing  gas 
was  turned  off  and  the  DR  spectrum  recorded  2  min 
later  (top  spectrum  in  each  part  of  the  figure).  Both  the 
Hdr  and  the  CI^r  signals  drop  equally  in  Fig.  4(a) 
(SiClH3),  suggesting  HCl  desorption.  In  Fig.  4(b) 
(SiCl2H2)  the  CI^r  signal  remains  fixed  at 
indicating  that  a  self-terminated  Cl  layer  has  formed 
[17].  At  500  °C,  self-limiting  adsorption  of  precur¬ 
sor  is  not  possible,  because  HCl  is  readily  desorbed 
from  the  surface  and  some  SiCl2  desorption  occurs  over 
100  s  [17].  Desorption  of  SiCl2  is  undesirable  since  this 
results  in  a  loss  of  Si  from  the  surface. 

3.  Discussion  and  summary 

The  results  presented  in  this  paper  have  several  impli¬ 
cations  for  the  growth  of  Si  thin  films  by  ALE.  The 
precursor  molecules  Si2H6  and  Si2Cl6  can  be  cyclically 
dosed  at  =  450-500  °C  to  grow  thin  Si  films.  At 
Ts  =  500  ±  25  °C,  the  Si2Cl6  exposure  step  is  self-limit- 
ing.  It  appears  that  the  Cl  removal  step  using  Si2H6  is 
thermally  activated,  is  not  self-limiting,  and  is  therefore 
kinetically  controlled  [3].  While  this  is  not  strictly  a  true 
ALE  process,  the  film  thickness  is  proportional  to  the 
number  of  growth  cycles  [16]. 

The  dynamic  change  in  surface  Cl  and  H  concentra¬ 
tions  while  SiClH3  and  SiCl2H2  are  adsorbed  indicates 
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Abstract 

Atomic  layer  epitaxy  (ALE)  of  Si  has  been  demonstrated  by  using  remote  He  plasma  low  energy  ion  bombardment 
to  desorb  H  from  an  H-passivated  Si(lOO)  surface  at  low  temperatures  and  subsequently  chemisorbing  S12H6  on  the 
surface  in  a  self-limiting  fashion.  Si  substrates  were  prepared  using  an  RCA  clean  followed  by  a  dilute  HE  dip  to 
provide  a  clean,  dihydride-terminated  (1x1)  surface,  and  were  loaded  into  a  remote  plasma  chemical  vapor 
deposition  system  in  which  the  substrate  is  downstream  from  an  r.f.  noble  gas  (He  or  Ar)  glow  discharge  in  order 
to  minimize  plasma  damage.  An  in  situ  remote  H  plasma  clean  at  250  °C  for  45  min  was  used  to  remove  surface  O 
and  C  and  to  provide  an  alternating  monohydride  and  dihydride  termination,  as  evidenced  by  a  (3  x  1)  reflection 
high  energy  electron  diffraction  (RHEED)  pattern.  It  was  found  necessary  to  desorb  the  H  from  the  Si  surface  to 
create  adsorption  sites  for  Si-  bearing  species  such  as  Si2H6.  Remote  He  plasma  bombardment  for  1-3  min  was 
investigated  over  a  range  of  temperature  (250  X-410°C),  pressures  (50-400  mTorr)  and  r.f.  powers  (6-30  W)  m 
order  to  desorb  the  H  and  to  convert  the  (3  x  1)  RHEED  pattern  to  a  (2  x  1)  pattern  which  is  characteristic  of 
either  a  monohydride  termination  or  a  bare  Si  surface.  It  was  found  that  as  He  pressures  and  r.f.  powers  are  raised 
the  plasma  potential  and  mean  free  paths  are  reduced,  leading  to  lower  He  bombardment  energies  but  higher  fluxes. 
Optimal  He  bombardment  parameters  were  determined  to  be  SOW  at  lOOmTorr  process  pressure  at  400  °C  for 
1-3  min  He  was  found  to  be  more  effective  than  Ar  bombardment  because  of  the  closer  match  of  the  He  and  H 
masses  compared  with  that  between  Ar  and  H.  Monte  Carlo  TRIM  simulations  of  He  and  Ar  bombardment  of 
H-terminated  Si  surfaces  were  performed  to  validate  this  hypothesis  and  to  predict  that  approximately  3  surface  H 
atoms  were  displaced  by  the  incident  He  atoms,  with  no  bulk  Si  atom  displacement  for  He  energies  in  the  range 
15-60  eV.  The  He  bombardment  cycles  were  followed  by  Si2H6  dosing  over  a  range  of  partial  pressures  (from 
lO"'^  Torr  to  1.67  mTorr),  temperatures  (250  °C-400  °C)  and  times  (from  20  s  to  3  min)  without  plasma  excitation, 
because  it  is  believed  that  Si2H5  can  chemisorb  in  a  self-limiting  fashion  on  a  bare  Si  surface  as  two  silyl  (SiH3) 
species,  presumably  leading  to  a  H-terminated  surface  once  again.  The  SiaHg  dosing  pressures  and  times 
corresponded  to  saturation  dosing  (about  10^  langmuirs).  Alternate  Si2H6  dosing  and  He  low  energy  ion 
bombardment  cycles  (about  100-200)  were  performed  to  confirm  the  ALE  mode  of  growth.  It  was  found  that  the 
growth  per  cycle  saturates  with  long  Si2H6  dosing  at  a  level  which  increases  slightly  with  He  bombardment  time.  At 
400  °C,  for  2  min  He  bombardment  at  100  mTorr  and  30  W,  the  growth  per  cycle  saturates  at  about  ^0.1 
monolayers  cycle“\  while  for  3  min  He  bombardment  the  Si  growth  saturates  at  about  0.15  monolayers  cycle  .  It 
was  also  confirmed  that  the  growth  is  achieved  only  by  using  alternate  He  bombardment  and  Si2H6  dosing.  He 
bombardment  alone  for  a  comparable  time  (3  min  x  100  cycles)  causes  a  negligible  change  in  the  Si  film  thickness 
(less  than  5  A).  Similarly,  thermal  growth  using  Si2H6  under  these  conditions  for  (3  minx  100  cycles)  causes 
negligible  deposition  (less  than  5  A). 


1.  Introduction 

Precise  control  of  doping  and  heterostructures  is 
extremely  important  for  next-generation  Si  ultralarge- 
scale  integration  devices.  Such  a  capacity  can  maintain 
compact  doping  profiles  and  fabricate  the  abrupt  hetero 
interfaces  required  for  “ordered”  Si^Ge„  superlattices 
which  will  require  “digital”  control  over  layer  thick¬ 
nesses.  Delta-doped  structures  will  require  atomic  plane 
doping  which  is  possible  only  by  atomic  layer  epitaxy 
(ALE)  techniques.  The  basic  technique  consists  of  use 


of  surface  chemical  reactions  for  obtaining  layer- 
by-layer  growth.  ALE  of  III-V  compounds  has  been 
widely  demonstrated  by  alternately  introducing  gaseous 
reactants  into  the  reaction  chamber  [1].  ALE  of  column 
IV  materials  poses  certain  unique  difficulties.  Passiva¬ 
tion  of  the  surface  to  inhibit  adsorption  of  the  species 
between  depositions  is  required.  H  coverage  is  an  at¬ 
tractive  passivation  technique  as  it  is  relatively  easy  to 
attain  and  sometimes  the  only  passivation  technique 
obtainable.  The  H  needs  to  be  removed  from  the  sur¬ 
face  to  open  up  surface  adsorption  sites  for  the  next 
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cycle  of  deposition.  Thermal  means  have  been  elfec- 
tively  used  for  H  removal  either  by  heating  the  whole 
substrate,  as  in  rapid  thermal  processing  (RTF),  or  in  a 
localized  fashion  as  in  laser-induced  thermal  desorption 
(LITD).  In  the  current  approach  we  have  used  low 
energy  noble  gas  ion  bombardment  from  an  r.f.  plasma 
for  H  removal  from  the  Si  surface. 

Ge  ALE  has  been  reported  by  using  Ge(C2H5)2H2 
with  the  ethyl  group  as  the  surface  passivating  species 
[2].  Extension  of  this  method  to  Si  is  known  to  create  C 
contamination  problems.  Si  molecular  layer  epitaxy 
using  RTF  with  SiH2Cl2  and  H2  gases  has  been  re¬ 
ported  [3].  This  is  a  high  temperature  process  with 
transient  temperatures  rising  to  as  high  as  HOOK.  In 
addition,  a  halogenic  approach  is  incompatible  with 
ultrahigh  vacuum  (UHV).  Si2H6  has  been  successfully 
used  as  a  precursor  for  ALE,  using  LITD  of  H  [4]. 
However,  large  area  growth  is  difficult  with  an  excimer 
laser. 

In  our  approach,  a  remote  H  plasma  clean  was  used 
to  obtain  initially  a  stable  H-terminated  Si  surface.  This 
H  was  then  removed  to  create  adsorption  sites  by  He 
ion  bombardment  from  a  remote  r.f.  He  plasma.  The 
surface  was  then  dosed  with  the  Si  bearing  precursor, 
Si2H6,  which  chemisorbs  in  a  self-limiting  manner  and 
restores  the  H-passivated  surface.  The  H  is  removed 
again  by  He  ion  bombardment  in  the  next  cycle  to 
create  adsorption  sites. 


2.  Experimental  procedure 

The  schematic  of  the  remote  plasma  chemical  vapor 
deposition  (RFCVD)  system  used  for  the  in  situ  remote 
H  plasma  clean  and  ALE  growth  is  shown  in  Fig.  1. 
The  system  consists  of  three  interconnected  UHV 
chambers:  a  load-lock  chamber  for  sample  loading  with 
a  base  pressure  of  3  x  10“^Torr;  a  surface  analysis 
chamber  with  a  base  pressure  of  2xlO”^®Torr 
equipped  with  an  Auger  electron  spectroscopy  system 
for  in  situ  monitoring  of  surface  contamination,  and  a 
process  chamber  with  a  base  pressure  of  5  x  10“^  Torr 
equipped  with  an  r.f.  plasma  source  in  which  the  remote 
H  plasma  clean  and  epitaxial  growth  are  performed.  The 
deposition  chamber  is  equipped  with  a  residual  gas 
analyzer  to  allow  monitoring  of  the  background  levels 
of  oxygen  and  water  in  the  ambient,  as  well  as  to 
monitor  the  various  species  during  processing  using  a 
differential  pumping  scheme.  A  reflection  high  energy 
electron  diffraction  (RHEED)  system  in  the  process 
chamber  allows  in  situ  diagnositcs  of  surface  reconstruc¬ 
tion  and  crystallinity.  Ultrahigh  purity  gases  are  used  in 
the  process,  in  which  the  partial  pressures  of  water  and 
oxygen  were  1  x  10“^  Torr  and  5  x  10“^^  Torr  respec¬ 
tively.  To  reduce  further  the  oxygen  and  water  vapor  in 
the  process  gases,  all  gas  lines  are  equipped  with 
Nanochem  gas  purifiers  which  reduce  the  oxygen  and 
water  vapor  to  the  parts  per  billion  level  (Nanochem  was 


Fig.  1.  RPCVD  system  schematic. 
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a  trademark  of  Semigas  Corp.).  The  wafers  used  were 
75  mm  diameter  lightly  doped  p-type  Si(lOO)  substrates. 
Before  wafers  were  loaded  into  the  system,  they  were 
cleaned  using  a  wet  chemical  treatment  consisting  of  an 
ultrasonic  degrease  in  TCA,  acetone,  and  methanol.  A 
subsequent  ultrahigh  purity  water  rinse  was  followed 
by  a  modified  RCA  clean  for  removal  of  organic  and 
metallic  contamination.  A  60  s  40:1  H20:HF  dip  was 
used  to  remove  the  oxide  grown  during  the  RCA  clean. 
After  a  final  20:1  H2  0:HF  dip  for  30  s  the  wafers  were 
spun  dry,  and  immediately  placed  in  a  nitrogen-purged 
glove-box  and  loaded  into  the  load-lock  chamber.  Prior 
to  the  process,  the  wafers  were  cleaned  in  situ  using  a 
remote  H  plasma  clean  to  remove  carbon  and  oxygen 
contamination  [5].  For  a  typical  clean,  200  standard 
cm^  min"‘  of  H  is  introduced  at  the  base  of  the  plasma 
column  at  a  pressure  of  50  mTorr  and  inductively  ex¬ 
cited  with  9  W  of  r.f.  power  (13.56  MHz).  During  the 
clean,  which  lasts  45  min,  the  substrate  is  heated  to 
250  °C  from  the  back  using  a  boron  nitride  heater. 
RHEED  analysis  of  wafers  cleaned  by  the  above  tech¬ 
nique  reveals  1 /3-order  streaks  (Fig.  2(a))  indicative  of 
a  (3  X  1)  reconstruction  pattern.  The  (3  x  1)  reconstruc¬ 
tion  pattern  has  been  found  to  be  due  to  alternating 
monohydride  and  dihydride  termination  [6].  This  sur¬ 
face  was  then  bombarded  with  He  or  Ar  ions  from  the 
plasma  over  a  range  of  temperatures  (250  °C-410  °C), 
pressures  (50-400  mTorr)  and  r.f.  powers  (6-30  W)  in 
order  to  desorb  the  H  and  convert  the  (3  x  1)  RHEED 
pattern  to  a  (2  x  1)  pattern  which  is  characteristic  of 
either  a  monohydride  termination  or  a  bare  Si  surface. 

The  ALE  growth  was  started  on  this  H-passivated 
surface  which  consisted  of  100-200  repetitions  of  the 
deposition  cycle.  Each  cycle  consisted  of  He  plasma 
bombardment  to  desorb  H  after  which  the  r.f.  power 
was  switched  off  and  Si2H6  was  introduced  into  the 
chamber  through  a  gas  feed  ring  at  a  flow  rate  and  for 
a  time  required  to  produce  the  required  dose.  This  was 


followed  by  a  pumpdown  time  of  30  s  during  which  the 
Si2H5  flow  was  shut  off  and  was  flushed  out  of  the 
system  before  starting  the  next  He  bombardment  cycle. 

3.  Results  and  discussion 

Figure  3  shows  the  parameter  space  in  which  H 
desorption  was  obtained  by  the  above  method  as  was 
evidenced  by  the  change  of  the  (3  x  1)  RHEED  pattern 
to  a  (2  X  1)  pattern.  It  was  seen  that  there  is  a  certain 
optimum  range  of  plasma  powers  for  an  effective  H 
removal  from  the  Si  surface.  This  range  becomes  nar¬ 
rower  at  higher  pressures.  It  was  determined  from 
Langmuir  probe  measurements  that  as  r.f.  power  is 
increased  the  ion  flux  increases  but  the  plasma  potential 
and  hence  the  bombardment  energy  decreases.  Also,  as 
the  pressure  is  increased,  the  ion  free  path  decreases 
and  the  bombardment  energy  decreases  although  the 
ion  density  goes  up.  The  inability  of  He  bombardment 
to  desorb  H  from  the  surface  at  low  powers  was 
presumed  to  be  due  to  low  ion  fluxes  at  low  powers.  On 
the  contrary,  as  the  plasma  potential  decreases  with 
increasing  r.f.  power,  the  bombarding  ions  lack  the 
energy  for  effective  removal  of  the  H  from  the  surface 
at  high  r.f.  powers.  The  energy  of  the  bombarding  ions 
also  decreases  with  increasing  pressure  because  of  the 
decreasing  mean  free  path.  Thus  it  was  more  difficult  to 
remove  H  from  the  surface  at  higher  pressures.  The 
optimal  plasma  power  for  H  desorption  at  a  given 
process  pressure  was  chosen  to  be  in  the  middle  of  the 
r.f.  power  range. 

For  the  ALE  cycles,  the  process  pressure  during  the 
bombardment  was  chosen  to  be  100  mTorr,  where  the 
optimum  range  of  r.f.  plasma  powers  is  rather  wide. 
The  temperature  was  kept  constant  at  400  °C  during 
the  process.  This  places  the  temperature  below  the 
P2  peak  of  the  temperature  programmed  desorption 


(a)  (b) 

Fig.  2.  RHEED  analysis  showing  removal  of  hydrogen  by  He  ion  bombardment:  (a)  (3  x  1)  reconstruction  after  remote  H  plasma  clean;  (b) 
the  surface  reconstruction  has  converted  to  (2  x  1)  after  1  min  of  He  ion  bombardment. 
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Fig.  3.  Darkened  areas  show  range  of  plasma  powers  at  various  pressures  for  effective  removal  of  H  from  Si(lOO)  surface  at  250  °C  for 
bombardment  times  of  1-2  min  as  evidenced  by  RHEED. 


(TPD)  curve  of  H  (Fig.  4  [7]),  thus  ensuring  that  there 
was  no  significant  H  desorption  from  the  surface  during 
the  process  by  thermal  means.  30  W  of  r.f.  power  was 
used  to  excite  the  He  plasma.  The  bombardment  time 
was  varied  from  1  to  3  min  with  different  amounts  of 
dosing  for  each  bombardment  duration.  The  results  are 
shown  in  Fig.  5.  As  the  Si2H6  dosing  is  increased  for 
the  same  amount  of  He  bombardment,  the  amount  of 
growth  increases  initially.  In  this  regime  it  is  believed 
that  the  growth  is  limited  by  the  availability  of  Si2H6. 
As  the  Si2H6  dosing  increased,  the  growth  is  limited  by 
the  extent  of  H  desorption  from  the  Si  surface  by  the 
He  ion  bombardment,  as  evidenced  by  an  increase  in 
the  growth  rate  from  0.06  monolayers  cycle"  ^  for  a 
dosing  of  9  X  10"^  langmuirs  to  a  saturation  growth  rate 
of  about  0.11  monolayers  cycle"'  at  higher  doses  (for  a 
He  bombardment  time  of  2  min).  Thus,  the  growth  rate 
follows  the  general  trend  of  saturation  at  higher  doses 
for  a  given  He  bombardment  time.  Also,  the  amount  of 
growth  in  the  saturation  region  increases  with  the  He 
bombardment  time.  A  plot  of  the  Si  growth  rate  vs.  the 
He  bombardment  time  for  a  given  amount  of  dosing 
reveals  an  increase  in  the  growth  rate  with  the  time  of 
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Fig.  4.  H  passivation  as,  a  function  of  temperature.  TPD  data  from 
ref.  7. 


He  bombardment  (Fig.  6).  It  can  be  seen  that  the 
saturation  growth  rate  increases  from  about  0.1  mono- 
layers  cycle"'  for  2  min  of  He  bombardment  to  about 
0.15  monolayers  cycle"'  for  3  min  of  He  bombardment, 
thus  leading  to  the  inference  that  the  amount  of  H 
desorption  is  increased  by  increasing  the  He  bombard¬ 
ment  time.  This  can  be  used  to  control  the  extent  of  H 
desorption  and  hence  the  growth  rate. 

The  films  grown  by  ALE  are  smooth  and  single 
crystal.  This  is  indicated  by  RHEED  analysis  which 
shows  a  streaky  (2x1)  reconstruction  pattern  after 
growth  (Fig.  7). 

It  might  also  be  mentioned  that  it  was  confirmed  that 
the  growth  observed  in  these  experiments  was  not  due 
to  purely  thermal  growth  of  Si  from  Si2lle  1^ 

sputtering  of  Si  from  the  chamber  wall  deposits  during 
He  plasma  bombardment,  both  of  which  resulted  in 
negligible  growth  (less  than  5  A)  for  a  comparable 
duration. 

Monte  Carlo  TRIM  simulations  were  performed  to 
estimate  the  number  of  H  and  Si  atoms  displaced  by 
the  incident  He  and  Ar  ions  [8].  An  amorphous  Si 
substrate  with  a  monolayer  coverage  of  H  is  assumed 
as  the  starting  material  and  is  bombarded  with  normal 
incidence  He  or  Ar  ions.  No  crystallographic  informa¬ 
tion  is  included  in  the  model.  Sharp  displacement 
thresholds  for  bulk  and  surface  atoms  are  assumed. 
The  displacement  energy  is  3  eV  for  the  surface  H 
atoms  and  22  eV  for  the  bulk  Si  atoms.  A  target  atom 
which  receives  a  recoil  energy  greater  than  the  dis¬ 
placement  energy  is  assumed  to  be  displaced.  He  ions 
are  found  to  be  more  effective  for  removal  of  H  atoms 
from  the  substrate  than  Ar  ions.  The  number  of  H 
atoms  from  the  surface  displaced  by  ion  bombardment 
increases  to  about  3  displacements  per  incident  He  ion 
with  increasing  ion  energy  in  the  10-70  eV  range, 
which  corresponds  to  typical  values  of  the  plasma 
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Disilane  dose  (Langmuirs) 


Disilane  dose  (Langmuirs) 


Disilane  dose  (Langmuirs) 

5.  Plot  of  growth  vs.  disilane  dose  for  bombardment  times  of  1, 
d  3  min. 


He  bombardment  time  (min.) 


(b) 

Fig.  7.  RHEED  analysis  of  films  grown  by  ALE  showing  that  the 
films  are  high  quality  single  crystal:  (a)  pattern  before  deposition;  (b) 
after  100  cycles  of  ALE  growth  at  400  °C,  100  mTorr  pressure,  2  min. 
He  bombardment  at  30  W  plasma  power.  Disilane  dosing  was 
1.0  X  10^  langmuirs  cycle"'. 

potential  in  RPCVD.  The  number  is  lower  for  Ar  ion 
bombardment  (Fig.  8).  There  is  more  Si  atom  dis¬ 
placement  in  the  underlying  Si  substrate  by  Ar  ions 
(about  0.11  Si  displacements  per  Ar  ion  at  45  eV) 
compared  with  negligible  displacement  by  He  ions 
(0.003  Si  displacements  per  He  ion  at  70  eV).  This 
indicates  that  there  is  a  wider  process  window  for  He 
than  for  Ar  in  which  H  can  be  desorbed  from  the  Si 
surface  without  creating  subsurface  damage.  This  is 
believed  to  be  due  to  the  fact  that  the  He  mass  is  more 
closely  matched  to  the  H  mass  than  Ar,  while  the 
mismatch  with  the  Si  mass  is  greater  for  He. 


He  bombardment  time  (min.) 


Fig.  6.  Plot  of  growth  y.y.  He  bombardment  time  for  disilane  doses  of 
(a)  4x10^  langmuirs  and  (b)  1  x  10^  langmuirs. 


4.  Conclusions 

We  have  demonstrated  removal  of  H  from  an  H-pas- 
sivated  Si(lOO)  surface  by  low  energy  (about  50  eV)  He 
ion  bombardment.  The  extent  of  the  removal  of  H  from 
the  surface  can  be  controlled  by  varying  the  duration  of 
He  bombardment  and  plasma  parameters.  This,  in  turn, 
means  that  the  growth  rate  by  this  method  can  also  be 
controlled.  Si2H6  was  shown  to  adsorb  in  a  self-limiting 
manner  on  the  Si(lOO)  surface. 
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Fig.  8.  Monte  Carlo  TRIM  simulations  of  H  displacement  rate  vs.  energy  of  incident  ions  (He  and  Ar). 
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in  a  near  atmospheric  pressure  chemical  vapor  deposition  reactor 
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Abstract 

Monolayer  growth  of  silicon  in  a  chemical  vapor  deposition  reactor  has  been  investigated  in  the  dichlorosilane 
(DCS) -hydrogen  system.  During  each  deposition  cycle  the  wafer  is  rotated  through  the  separate  DCS  and  hydrogen 
streams.  A  1  monolayer  cycle  plateau  in  the  growth  rate  was  obtained  over  a  fourfold  increase  in  the  DCS  partial 
pressure,  resulting  in  a  0.48  pmh"^  deposition  rate.  The  experiments  were  conducted  at  825  °C  and  SOTorr.  The 
effects  of  reactant  partial  pressures  and  cycle  time  on  the  deposition  will  be  discussed,  as  well  as  possible  mechanisms 
for  this  process. 


1.  Introduction 

A  great  deal  of  effort  has  been  recently  focused  on 
the  atomic  layer  epitaxy  (ALE)  of  silicon.  Nishizawa  et 
al.  have  demonstrated  ALE  at  825  °C  in  the  lO'^^Torr 
pressure  regime  using  dichlorosilane  (DCS)  and  molec¬ 
ular  hydrogen  as  the  precursors  [1].  In  order  to  explore 
this  process  further,  silicon  has  been  deposited  using 
the  same  precursors,  DCS  and  hydrogen,  at  825  “"C. 
The  experiments  were  conducted  at  a  higher  pressure, 
50  Torr  total  pressure,  in  a  chemical  vapor  deposition 
(CVD)  reactor.  This  avenue  of  research  has  potential 
practical  value  as  a  result  of  the  possibility  of  high 
speed  ALE  with  our  system  design. 


2.  Experimental  details 

The  growth  chamber  used  for  silicon  deposition  is 
similar  in  design  to  vertical  reaction  chambers  used  for 
ALE  of  III-V  compounds  in  our  research  group  at 
North  Carolina  State  University  [2].  The  graphite  sus¬ 
ceptor  design  is  depicted  in  Fig.  1.  The  reactant  gases, 
DCS  and  hydrogen,  pass  through  the  windows  on 
opposite  sides  of  the  stationary  susceptor.  Argon  is 
used  as  the  carrier  gas  for  these  reactants  and  also  to 
form  a  buffer  layer  to  keep  the  reactants  separated.  The 
silicon  wafer,  positioned  on  the  lower  rotating  suscep¬ 
tor,  passes  through  each  of  these  gas  streams  once 
during  each  growth  cycle.  The  two  sections  of  the 
susceptor  are  separated  by  a  gap  of  approximately 
1  mm,  which  helps  to  remove  DCS  and  hydrogen  car¬ 
ried  along  the  boundary  layer  above  the  rotating  wafer. 
The  high  purity  reactants  and  argon  are  passed  through 


purifiers  in  order  to  reduce  the  oxygen  and  water 
contamination  levels.  In  addition,  the  entire  chamber  is 
contained  in  a  nitrogen-filled  glove-box  to  prevent  ex¬ 
posure  to  the  outside  air. 

The  Si(lOO)  samples  are  prepared  using  the  RCA 
procedure  [3]  followed  by  a  15  s  dip  in  5%  HF  solution. 
The  samples  are  then  blown  dry,  transferred  quickly 
into  the  glove-box,  and  then  loaded  onto  the  susceptor. 
Prior  to  growth  the  chamber  is  pumped  down  to  below 
10-6  Torr  with  a  turbo  pump  to  remove  residual  water 
and  oxygen.  The  silicon  substrate  is  degassed  at  1050  °C 
under  hydrogen  for  10  min.  The  temperature  is  then 
lowered  to  950  °C  and  a  buffer  layer  of  silicon  is 
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deposited  to  provide  a  good  surface  for  low  tempera¬ 
ture  deposition.  The  temperature  and  gas  flows  are  then 
adjusted  as  desired  for  the  growth  experiment.  In  all 
cases,  a  total  argon  flow  rate  of  1.75  standard  Imin"^ 
was  used  for  the  shroud,  which  both  separates  and  acts 
as  a  carrier  gas  for  the  reactants.  The  thickness  of  each 
epitaxial  layer  is  measured  using  the  groove  and  stain 
method  [4]  in  order  to  determine  the  deposition  per 
cycle.  Typical  thicknesses  for  the  layers  measured  range 
from  0.3  to  0.6  pm. 


3.  Results 

Figure  2  shows  the  growth  per  cycle  as  a  function  of 
the  DCS  flow  rate,  which  is  proportional  to  the  DCS 
partial  pressure.  All  of  the  samples  were  grown  at  825  °C 
at  a  rotational  speed  of  60  rev  min“^  and  a  pressure  of 
50  Torr.  The  upper  curve  is  with  DCS  flowing  through 
one  window  and  hydrogen  through  the  other.  The 
bottom  curve  shows  results  with  a  DCS  stream  passing 
through  one  window  and  only  argon,  i.e.  no  hydrogen, 
passing  through  the  other.  The  top  curve  shows  that 
with  a  cyclic  exposure  to  DCS  and  hydrogen  a  plateau 
region  of  1  monolayer  cycle  ^  ^  is  attained  over  a  DCS 
flow  range  of  5-20  standard  cm^  min-’,  At  DCS  flows 
above  20  standard  cm^  min"’,  however,  the  deposition 
per  cycle  continues  to  rise  above  1  monolayer.  Both 
curves  follow  the  same  general  trend  and  reveal  an 
increase  in  deposition  due  to  hydrogen  exposure  of 
approximately  0.3  monolayers  cycle”’  for  all  DCS  flows 
examined. 

The  growth  rate  vs,  the  hydrogen  flow  rate  is  shown 
in  Fig.  3.  The  two  curves  are  for  a  5  standard  cm^ 
min”’  DCS  flow  at  60  rev  min”’  and  at  180revmin“’. 
Doubling  the  hydrogen  flow  from  50  to  100  standard 
cm^min”’  had  little  effect  on  the  deposition  per  cycle, 
although  it  does  appear  to  have  increased  the  growth 


Fig.  2.  Deposition  per  cycle  i^.y.  DCS  flow  rate  at  825  °C  and  50  Torr. 


Fig.  3.  Deposition  per  cycle  vs.  hydrogen  flow  rate  at  825  °C  and 
50  Torr. 

rate  slightly  for  the  two  5  standard  cm^  min~‘  DCS 
curves.  Hydrogen  exposure  for  the  60  rev  min”'  case 
increased  the  growth  rate  by  approximately  0.3  mono- 
layers,  but  for  the  180  rev  min”'  cases  the  hydrogen  only 
increased  the  deposition  by  0.2  monolayers  cycle” '.  This 
decrease  in  the  effect  of  hydrogen  on  the  growth  per 
cycle  at  180  rev  min”'  vs.  60  rev  min”'  may  be  due 
to  insufficient  time  for  the  surface  reactions  to  proceed 
at  the  high  speed  during  the  short  exposures  to  the 
reactants. 

Figure  4  shows  the  effects  of  exposure  time  to  a 
5  standard  cm^  min”'  DCS  flux  on  the  deposition  per 
cycle  with  and  without  exposure  to  hydrogen.  Because 
of  the  symmetry  of  the  susceptor  and  uniform  rota¬ 
tional  speed,  the  wafer  is  exposed  to  the  H2  and  DCS 
for  the  same  length  of  time  over  1  rev.  The  exposure 
times  were  calculated  assuming  that  the  wafer  is  inter¬ 
rupting  each  reactant  gas  stream  for  15%  of  each  cycle. 
Times  of  0.05  s,  0.075  s,  0.15  s  and  0.30  s  correspond  to 
rotation  speeds  of  180  rev  min”',  120  rev  min”',  60  rev 
min”'  and  30  rev  min”*  respectively.  The  upper  curve 
is  for  growth  with  hydrogen  exposure  and  the  lower 
is  without  hydrogen.  Again,  both  curves  appear  very 


Fig.  4.  Deposition  per  cycle  vs.  exposure  time  at  825  °C  and  50  Torr. 
The  exposure  time  is  the  same  for  both  reactants  (DCS  and  H2)  and 
is  equal  to  15%  of  the  cycle  time. 
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similar,  except  that  for  experiments  with  hydrogen  ex¬ 
posure  the  curve  is  shifted  up  by  about  0.3  monolayers 
cycle  The  data  for  growth  with  no  hydrogen  give  a 
very  good  fit  and  a  y  intercept  near  zero,  indicating  that 
the  deposition  per  cycle  is  only  dependent  on  the  expo¬ 
sure  time  to  DCS, 


4.  Discussion 

Since  our  system  design  and  operating  pressure  make 
in  situ  analysis  difficult,  examination  of  the  reaction 
processes  depends  partly  on  investigations  by  other 
researchers.  The  desired  mechanism  for  silicon  ALE 
involves  the  deposition  of  a  stable  chlorinated  silicon 
layer  which  is  reduced  to  bare  silicon  by  subsequent 
reaction  with  hydrogen.  The  plateau  region  in  Fig.  2 
suggests  a  stable  surface  species  is  present,  and  the  data 
in  Figs  2,  3  and  4  for  DCS  exposure  with  and  without 
hydrogen  indicate  that  molecular  hydrogen  is  reacting 
with  this  surface  species. 

The  most  likely  surface  species  may  be  determined  by 
examining  the  results  from  other  researchers’  investiga¬ 
tions.  Temperature  programmed  desorption  [5]  studies 
detect  the  desorption  of  both  SiCl  and  SiCl2  from  the 
Si(lll)  surface  under  ultrahigh  vacuum  conditions. 
X-ray  photoelectron  spectroscopy  (XPS)  [6]  studies 
indicate  that  SiCl  is  the  only  stable  chlorinated  surface 
species  present  on  Si(lOO)  and  Si(lll)  surfaces  at  a 
DCS  pressure  of  2xlO“'^Torr  and  between  room 
temperature  and  800  ""C.  If,  as  proposed  in  ref.  5,  the 
SiCl2  desorption  is  due  to  a  second-order  reaction 
between  surface  SiCl  groups,  then  these  experiments 
show  that  SiCl  is  the  most  probable  surface  species 
present  on  silicon  after  DCS  exposure.  Both  inves¬ 
tigations,  however,  indicate  that  little  or  no  chlorine 
should  be  bound  to  the  silicon  surface  at  the  present 
research  temperature  of  825  °C.  The  upper  temperature 
limits  of  detection  of  desorbed  SiCl  and  SiCl2  are  at 
approximately  1000  K  (823  °C)  and  the  XPS  studies 
detect  no  surface  chlorine  at  800  °C.  The  higher  DCS 
partial  pressure  and  shorter  cycle  times  for  the  present 
research  may  account  for  the  apparent  chlorine  effects 
in  the  data  presented  here.  High  DCS  pressures 
may  shift  the  surface  species’  concentrations  and,  as¬ 
suming  that  the  chlorine  has  a  temperature-dependent 
lifetime  on  the  silicon  surface,  the  surface  chlorine 
would  appear  to  be  stable  if  the  cycle  times  are  much 
shorter  than  its  lifetime.  From  these  investigations  it 
will  be  assumed  for  the  remainder  of  this  discussion 
that  the  only  significant  chlorinated  surface  species  is 
SiCl. 

The  presence  of  surface  chlorine  and  its  reaction  with 
molecular  hydrogen  in  the  data  presented  here  is  sup¬ 
ported  by  the  effects  of  adding  molecular  hydrogen  to 


the  deposition  cycle,  although  it  has  been  concluded 
in  ref.  6  that  molecular  hydrogen  will  not  react  with 
surface  chlorine  above  800  °C.  This  conclusion,  how¬ 
ever,  is  based  on  experiments  with  molecular  hydrogen 
at  600  °C  and  assumes  no  chlorine  is  present  on  the 
surface  above  800  °C.  Assuming  that  we  are  forming 
chlorinated  surface  species  at  825  °C,  the  225  °C  tem¬ 
perature  increase  may  be  enough  to  activate  the  hydro¬ 
gen  reaction  on  the  surface.  Figures  2,  3  and  4  show 
that  cyclic  exposure  to  DCS  and  hydrogen  increases  the 
growth  rate  by  approximately  0.3  monolayers  cycle"* 
vs,  exposure  to  only  DCS  under  similar  conditions. 
This  0.3  monolayer  increase  is  seen  over  a  twentyfold 
change  in  DCS  partial  pressure,  a  sixfold  change  in 
rotational  speed,  and  a  twofold  change  in  hydrogen 
pressure.  If  this  deposition  enhancement  due  to  hydro¬ 
gen  were  caused  by  diffusion  to  the  DCS  side,  which 
would  result  in  standard  DCS-H2  CVD,  then  this 
consistent  difference  would  not  be  expected.  The  differ¬ 
ence  in  deposition  per  cycle  is  best  explained  by  reac¬ 
tion  of  H2  with  SiCl,  which  partially  covers  the  surface 
and  inhibits  further  deposition  at  those  sites.  Exposure 
to  hydrogen  removes  the  chlorine  and  makes  those  sites 
available  for  deposition  during  the  next  cycle.  Assum¬ 
ing  that  the  hydrogen  reacts  with  all  of  the  surface 
chlorine,  then  0.3  monolayers  of  SiCl  are  formed  on  the 
surface  over  a  wide  range  of  DCS  partial  pressures  and 
exposure  times.  This  indicates  that  the  SiCl  is  quickly 
formed  on  the  surface  and,  except  at  very  short  expo¬ 
sure  times,  saturates  at  approximately  0.3  monolayer- 
s  cycle"*.  As  shown  in  Fig.  4,  this  saturation  occurs  at 
growth  rates  varying  from  0.5  to  1.5  monolayers  cy¬ 
cle"*.  This  limit  may  be  due  to  surface  steric  effects  of 
steady  state  surface  reactions.  In  addition.  Fig.  3  shows 
that  increasing  the  hydrogen  flow  from  0  to  50  standard 
cm^min"*  has  a  dramatic  effect  on  the  growth  per 
cycle,  but  doubling  the  flow  has  little  effect.  Therefore, 
the  molecular  hydrogen  does  react  with  the  majority  of 
the  surface  SiCl.  The  slight  increase  in  deposition  after 
doubling  the  hydrogen  flow  is  probably  due  to  the 
inefficiency  of  the  H2  in  reacting  with  any  residual  SiCl 
on  the  silicon  surface.  For  lower  temperature  deposi¬ 
tion,  however,  it  may  be  necessary  to  use  molecular 
hydrogen  or  activate  the  H2  in  order  to  remove  the 
surface  chlorine. 

The  presence  of  SiCl  surface  species  also  partially 
explains  the  1  monolayer  cycle"*  plateau  observed  in 
Fig.  2.  Although  SiCl  may  not  be  stable  under  equi¬ 
librium  conditions  at  825  °C,  it  may  be  stable  enough 
over  the  1  s  time  domain  to  passivate  the  surface  in 
these  experiments.  This  does  not  fully  account  for  the 
plateau  region,  however,  since  the  studies  with  and 
without  hydrogen  indicate  that  only  approximately  30% 
of  the  surface  is  covered  by  SiCl,  while  one  full  mono- 
layer  per  cycle  is  deposited.  The  remaining  70%  of  each 
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monolayer  may  result  from  reactions  with  adjacent  SiCl 

groups,  such  as  SiCl  +  SiCl - ^Si  +  SiCl2,  where  the 

SiCl2  is  desorbed  and  a  bare  silicon  atom  is  left  on  the 
surface.  Another  possibility  is  the  formation  of  SiHCl 
on  the  surface,  which  would  readily  decompose  to  form 
a  deposited  silicon  atom  and  gaseous  HCl. 

The  increase  in  deposition  rate  above  1  monolayer 
cycle"  ‘  in  Fig.  2  indicates  the  existence  of  a  DCS 
pressure  dependent  surface  reaction.  At  low  DCS  par¬ 
tial  pressures  the  reaction  is  not  dominant  and  the 
surface  is  effectively  passivated  by  the  other  processes. 
The  slight  positive  slope  in  the  plateau  region  suggests 
the  existence  of  such  a  reaction.  At  higher  pressures, 
above  20  standard  cm^  min” ^  of  DCS,  this  pathway 
becomes  more  dominant  and  the  growth  rate  vs.  DCS 
flow  rises  more  dramatically.  The  possible  mechanisms 
for  this  reaction  are  not  clear  at  present,  but  future 
research  on  the  orders  of  the  reactions  involved  may 
reveal  likely  reaction  pathways. 

An  alternate  pathway  for  removal  of  surface  chlo¬ 
rine,  besides  the  reaction  with  H2,  must  exist  since,  even 
over  the  plateau  region  in  Fig.  2,  deposition  occurs 
without  the  introduction  of  H2  to  the  system.  This  may 
be  due  to  reaction  with  hydrogen  from  other  sources  or 
to  self-desorption  of  chlorine.  Two  possible  sources  of 
hydrogen  are  (1)  as  a  byproduct  of  deposition  {e.g. 

DCS - >  SiCl2  +  H2)  and  (2)  from  the  gaseous  DCS.  If 

the  hydrogen  were  from  a  deposition  reaction,  then  as 
the  deposition  rate  increases  then  the  hydrogen  concen¬ 
tration  should  increase  and  the  remaining  surface  chlo¬ 
rine  should  decrease.  Figure  4,  however,  indicates  that 
the  chlorine  coverage  is  consistent  over  a  large  increase 
in  the  deposition  rate.  This  figure  also  suggests  that  the 
surface  chlorine  is  stable  over  the  cycle  times  investi¬ 
gated.  As  the  growth  rate  is  tripled,  the  exposure  time 
increases  by  a  factor  of  6,  which  means  that  the  time 
the  substrate  is  not  exposed  to  reactant  gases  also 
increases  by  a  factor  of  6.  If  the  lifetime  of  the  surface 
chlorine  were  on  the  order  of  the  cycle  times,  then  a 
drop  in  chlorine  coverage  would  be  expected  as  the 


exposure  time  is  increased.  However,  the  chlorine  cov¬ 
erage  is  consistent  over  this  range,  except  for  a  small 
drop  at  the  shortest  exposure  time.  This  small  drop  is 
probably  due  to  either  insufficient  time  to  form  SiCl  on 
the  surface  or  insufficient  time  for  the  hydrogen  to  react 
with  the  surface  chlorine.  Therefore,  the  most  likely 
path  for  removal  of  chlorine  without  using  H2  is  reac¬ 
tion  with  DCS,  or  with  an  unknown  surface  intermedi¬ 
ate  formed  from  DCS. 


5.  Conclusions 

A  silicon  growth  rate  of  1  monolayer  cycle  has  been 
obtained  in  a  rotating  susceptor  vertical  reactor  at 
825  °C  and  50  Torr.  The  operating  temperature  is  low 
enough  to  inhibit  rapid  self-decomposition  of  DCS  and 
high  enough  for  molecular  hydrogen  to  react  with 
surface  chlorinated  species.  Control  of  the  exposure  time 
results  in  a  plateau  region  of  1  monolayer  growth  cycle"’ 
over  a  DCS  flux  from  5  to  20  standard  cm^  min"’.  The 
growth  rate  for  this  region  is  0.48  pm  h”’.  Although  this 
is  not  an  ALE  process,  the  system  is  promising  for  high 
speed  silicon  ALE  provided  that  the  reactivity  of  hydro¬ 
gen  with  the  surface  chlorine  may  be  enhanced  at  lower 
growth  temperatures. 
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Abstract 

The  chemisorption  of  GeC^  on  Si(lOO)  as  a  function  of  substrate  temperature  was  investigated  by  soft 
X>ray  photoemission  spectroscopy.  At  a  substrate  temperature  of  300  °C,  GeC^  chemisorbs  dissociatively  forming 
GeCl2  and  GeCl  species  as  well  as  elemental  Ge  bonding  to  Si.  At  higher  temperatures  we  observe  the  loss  of 
GeCl2,  but  trace  amounts  of  GeCl  remain  on  the  surface  until  a  temperature  of  about  500  °C  is  attained. 
In  addition,  the  decomposition  of  GeCl4  promotes  the  formation  of  SiCl  surface  species  at  all  substrate  tempera¬ 
tures.  A  maximum  amount  of  adsorbed  Cl  has  been  observed  to  bond  to  the  Si  surface  following  an  exposure 
at  500  °C. 


1.  Introduction 

Interest  in  atomic  layer  epitaxy  (ALE),  namely,  the 
self-limiting,  layer-by-layer  growth  of  semiconductor 
materials  by  chemical  vapor  deposition,  is  due  primar¬ 
ily  to  the  potential  opportunity  to  control  film  growth 
to  very  fine  atomic  layer  thicknesses  [1,  2].  To  date, 
most  ALE  investigations  have  concentrated  on  the 
development  of  group  II™ VI  [3]  and  III-V  [1,  2,  4, 
5]  compound  semiconductor  materials  and  very  few 
research  efforts  have  been  directed  towards  group 
IV  materials.  An  extensive  class  of  potential  source 
molecules  for  group  IV  ALE  include  a  variety  of 
Si  and  Ge  halides,  hydrides  and  halohydrides.  To  eval¬ 
uate  rationally  a  specific  source  gas -substrate  system 
as  suitable  for  ALE,  a  fundamental  understanding 
of  the  chemical  mechanisms  which  govern  the  sur¬ 
face  reaction  processes  in  that  particular  system  is  in 
order. 

We  thus  report  the  results  of  a  soft  X-ray  photoemis¬ 
sion  experiment  designed  to  ascertain  the  surface  chem¬ 
istry  involved  following  the  chemisorption  and  subse¬ 
quent  reaction  of  germanium  tetrachloride  (GeCl4) 
with  the  technologically  important  Si(lOO)  surface  as  a 
function  of  the  substrate  temperature.  Following  an 
exposure  of  the  surface  to  25  000  L  at  300  °C,  GeCl4 
chemisorbs  dissociatively  forming  significant  amounts 
of  GeCl2  and  GeCl  species  as  well  as  elemental  Ge 
bonding  to  Si.  At  a  substrate  temperature  of  500  °C  no 
germanium  chloride  species  exist  on  the  surface.  The  Si 
surface  has  been  terminated  with  elemental  Ge  and  a 
maximum  amount  of  adsorbed  Cl  primarily  in  the  form 
of  SiCl  moieties,  as  shown  by  the  Ge  3d  and  Si  2p  core 
level  spectra  respectively. 


2.  Experimental  details 

The  Si(lOO)  substrate  was  prepared  by  direct  ohmic 
heating  to  1050  °C  and  then  by  annealing  at  850  °C  to 
produce  the  (2x1)  surface  reconstruction  [6].  The 
cleaning  process  was  completed  in  a  preparation  cham¬ 
ber  with  a  base  pressure  of  3  x  10“^^Torr.  Exposures 
of  the  substrate  to  GeCl4  were  completed  in  a  dosing 
chamber  with  a  base  pressure  of  4  x  10“^®  Torr.  GeC^ 
was  introduced  into  the  ultrahigh  vacuum  (UHV) 
chamber  through  a  sapphire  leak  valve  in  order  to 
achieve  pressure  control  during  the  exposures.  A  cold 
cathode  gauge  was  used  to  measure  the  chamber  pres¬ 
sure.  Following  each  exposure  the  sample  was  trans¬ 
ferred  via  a  UHV  manipulator  transfer  system  to  the 
spectrometer  for  surface  analysis. 

Ge  3d  and  Si  2p  soft  X-ray  photoemission  spectra 
were  measured  at  beamline  USB  of  the  National  Syn¬ 
chrotron  Light  Source  at  Brookhaven  National  Labo¬ 
ratory.  The  synchrotron  radiation  was  dispersed  by  a 
6  M  toroidal  grating  monochromator.  Tunable  photons 
in  the  energy  range  from  90  to  225  eV  were  utilized  to 
excite  the  electrons  of  the  Ge  3d  (about  29  eV  binding 
energy)  and  Si  2p  (100  eV)  core  levels.  An  angle-inte¬ 
grating  display  type  electron  spectrometer  [7]  was  uti¬ 
lized  to  analyze  the  ejected  photoelectrons  energetically. 
Ge  3d  and  Si  2p  spectra  were  obtained  with  a  total 
instrumental  resolution  of  approximately  0.2  eV. 


3.  Results 

The  Ge  3d  and  Si  2p  core  level  photoemission  spectra 
were  acquired  at  a  variety  of  sample  temperatures 
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Fig.  I.  Si  2p  photoemission  spectrum  from  a  clean  Si(lOO)  surface: 

- ^  empirical  decomposition  of  the  Si  2p  feature  into  surface  and 

bulk  emission  components;  •,  experimental  data;  -  sum  of  the 

surface  and  bulk  components. 

between  room  temperature  and  800  °C.  As  a  point  of 
reference,  Fig.  1  shows  an  Si  2p  soft  X-ray  photoemis¬ 
sion  spectrum  characteristic  of  a  clean  Si(lOO)  surface. 
The  points  in  this  spectrum,  as  well  as  in  Fig.  2, 
represent  the  experimental  data.  The  analysis  of  these 
data,  as  well  as  the  Ge  3d  and  Si  2p  spectra  shown  in 
Fig.  2,  is  as  follows.  A  background  representing  the 


Ge  3d,  ht;  =  90  eV  Si  2p,  hv  =  130  eV 


Fig.  2.  Photoemission  spectra  of  the  Ge  3d  and  Si  2p  core  levels 
showing  the  results  of  exposing  a  clean  Si(lOO)  surface  to  (a),  (b) 
25  000  L  of  GeCU  at  300  "C  and  (c),  (d)  25  000  L  of  GeCh  at  500  X: 
#,  experimental  data  in  the  Ge  3d  spectra;  %  data  following  the 
numerical  removal  of  the  3d3/2  spin -orbit  component  in  the  Ge  3d 

spectra;  - ,  decomposition  of  Ge  3d  and  Si  2p  into  its  chemical 

constituents;  sum  of  the  component  fits. 


secondary  electron  yield  was  subtracted  first  from  the 
original  data.  The  Ge  3d  spectra,  being  somewhat  more 
complex  in  appearance,  had  the  3d3/2  spin -orbit  com¬ 
ponent  numerically  deconvoluted  following  the  initial 
background  subtraction.  The  resultant  Ge  3d  data  and 
the  original  Si  2p  data  were  then  fitted  with  a  least- 
squares  procedure  to  a  sum  of  gaussian-broadened 
lorentzian  line  shapes.  The  lines  in  all  spectra  give  the 
least-squares  decomposition  of  the  photoemission  fea¬ 
ture  into  its  chemical  components  and  the  full  lines 
display  the  sum  of  these  fits. 

The  Si  2p  spectrum  shown  in  Fig.  1  clearly  cannot  be 
fitted  with  just  a  single,  spin-orbit  doublet  peak.  Fol¬ 
lowing  the  work  of  Himpsel  et  al  [6]  this  spectrum  was 
fitted  with  two  gaussian-broadened  lorentzian  doublet 
peaks.  The  Si  2p  feature  comprises  a  bulk  feature 
positioned  at  26.12  eV  and  a  surface  component  shifted 
to  higher  kinetic  energy  (lower  binding  energy)  by 
about  0.55  eV.  The  energy  separation  between  these 
two  components  agrees  within  10%  with  that  value 
previously  reported  by  Himpsel  et  al.  [6]. 

Figure  2  shows  the  soft  X-ray  photoemission  spectra 
obtained  from  Ge  3d  and  corresponding  Si  2p  core 
levels  following  exposures  of  the  Si(lOO)  surface  to 
GeCl4  at  elevated  temperatures.  Figures  2(a)  and  2(b) 
are  observed  following  an  exposure  of  the  surface  to 
25  000  L  of  GeCU  at  a  substrate  temperature  of  300  °C. 
Figures  2(c)  and  2(d)  show  the  same  surface  following 
an  exposure  at  500  °C. 


4.  Discussion 

Figure  2(a)  clearly  shows  that  GeCl4  chemisorbs 
readily  and  dissociatively  onto  the  Si(lOO)  surface  fol¬ 
lowing  a  25  000  L  exposure  at  a  substrate  temperature 
of  300  °C.  The  dotted  line  (large  points)  representing 
the  experimental  data  shows  a  poorly  resolved,  rather 
broad  band  that  extends  for  just  about  4eV.  The 
smaller  points  show  the  data  following  the  numerical 
removal  of  the  3d3/2  spin -orbit  component.  The  spin- 
orbit  deconvolution  procedure  was  necessary  to  discern 
distinct  chemical  contributions  to  the  Ge  3d  line  shape. 
Although  the  spin- orbit  deconvoluted  data  also  appear 
to  be  poorly  resolved,  indicative  of  a  very  disordered 
surface,  three  components  are  assumed  to  contribute  to 
the  line  shape.  The  component  fitted  to  the  leading  edge 
of  the  high  kinetic  energy  side  has  a  binding  energy  that 
is  approximately  that  expected  for  elemental  Ge  [8]. 
Thus  we  interpret  this  feature  to  be  due  to  Ge  bound  to 
the  Si  substrate  with  no  Cl  atoms  attached  to  it.  The 
rest  of  the  band  may  be  fitted  using  the  assumption  that 
it  arises  from  GeCl  and  GeCb  components.  It  is  as¬ 
sumed  that  each  Ge  chloride  feature  has  identical 
linewidth  and  that  the  chemical  shifts  for  each  Cl  atom 
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bound  to  a  Ge  atom  are  additive.  With  these  assump¬ 
tions,  the  lines  composing  the  spin -orbit  deconvoluted 
spectrum  give  the  least-squares  fit  to  the  data  shown 
and  produce  a  chemical  shift  per  Cl  atom  of  0.75  eV. 
This  value  is  about  32%  greater  than  that  reported  by 
Schnell  et  al  [9]  for  Cl  adsorption  on  Ge(lOO)  and 
Ge(lll)  surfaces  but  is  in  very  good  agreement  with 
shifts  observed  in  the  photoemission  spectra  of  gas 
phase  species  [10].  The  discrepancy  that  we  observe  can 
be  explained  by  the  fact  that  we  are  not  observing 
chlorinated  Ge  surface  atoms  but  rather  adsorbed  Ge 
chloride  species  on  an  Si  substrate. 

Figure  2(b)  shows  the  corresponding  Si  2p  spectrum 
which  results  following  an  exposure  of  the  Si(lOO) 
surface  to  25  000  L  of  GeCl4  at  300  °C.  There  is  one 
chemically  shifted  component  located  0.91  eV  to  lower 
kinetic  energy  (higher  binding  energy)  with  respect  to 
the  Si  bulk  peak.  This  feature  has  been  previously 
assigned  to  SiCl  surface  species  [11].  Referring  to  the 
work  of  Yarmoff  et  al  [12]  we  estimate  the  Cl  surface 
coverage  to  be  approximately  0.68  monolayers,  keeping 
in  mind  that  the  total  surface  coverage  is  somewhat 
greater  because  of  the  chemisorption  of  Ge  and  Ge 
chloride  species  which  also  occupy  a  number  of  Si 
surface  sites.  An  upper  limit  to  the  amount  of  Ge 
deposited  on  the  surface  can  be  approximated.  Since 
four  Cl  atoms  are  bonded  to  each  Ge  atom  in  GeCl4, 
and  if  it  is  assumed  that  no  Cl  desorbs  from  the  surface 
during  the  exposure,  then  we  can  approximate  that 
about  0.17  monolayers  of  Ge  is  deposited  on  the  sur¬ 
face.  Thus,  the  total  coverage  of  the  Si(lOO)  surface 
following  an  exposure  of  the  substrate  to  25  000  L  of 
GeCU  at  300  °C  is  about  0.85  monolayers. 

Following  an  exposure  of  the  same  surface  shown  in 
Figs.  2(a)  and  2(b)  to  25  000  L  of  GeCl4  at  a  substrate 
temperature  of  500  °C,  the  Ge  3d  band  sharpens  consid¬ 
erably,  and  the  higher  Ge  chloride  moieties  that  were 
previously  observed  following  an  exposure  of  the  surface 
to  300  °C  have  been  completely  eliminated.  The  spin- 
orbit  deconvoluted  Ge  3d5/2  spectrum  is  shown  as  the 
small-point,  dotted  line  shape.  This  feature  is  clearly  fitted 
with  a  single  gaussian-broadened  lorentzian  line  shape, 
indicating  that  elemental  Ge  from  the  decomposition  of 
GeCl4,  remains  bonded  to  surface  Si  sites.  While  the 
amount  of  reduced  Ge  deposited  on  the  surface  is  only 
about  4%  greater  than  that  observed  in  Fig.  2(a),  the  total 
Ge  3d  intensity  has  decreased  by  about  37%. 

The  corresponding  Si  2p  spectrum  obtained  following 
an  exposure  of  the  surface  at  500  °C  shows  the  develop¬ 
ment  of  an  additional  chemically  distinct  feature  shifted 
by  0.9  eV  and  1.80  eV  to  lower  kinetic  energy  (higher 
binding  energy)  relative  to  the  SiCl  and  Si  bulk  peaks 
respectively.  This  feature  has  been  previously  assigned  to 
SiCi2  surface  moieties  [11].  The  photoemission  intensity 
contribution  from  the  SiCl^  species  (where  x  =  1,  2)  to 


the  total  Si  2p  band  has  increased  by  about  42%  with 
respect  to  that  observed  in  Fig.  2(b),  indicating  that  a 
maximum  amount  of  Cl  bonds  to  the  surface  at  500  °C. 
The  Cl  surface  coverage  is  estimated  to  be  about  0.81 
monolayers  at  this  point.  The  rise  in  the  Cl-bound-to-Si 
intensity  parallels  closely,  within  the  experimental  error, 
the  complete  loss  in  intensity  of  the  GeCl2  and  GeCl 
surface  species.  This  observation  indicates  that  surface  Si 
sites  which  have  become  available  at  elevated  tempera¬ 
tures  as  a  result  of  the  rapid  desorption  of  Ge  chloride 
species  are  readily  attacked  by  Cl  atoms  which  result 
from  the  dissociation  of  GeCl4.  Although  the  intensity 
of  the  SiCl;,  species  decreases  at  temperatures  above 
500  °C,  Cl  remains  on  the  surface  to  about  800  ""C,  in 
agreement  with  previously  reported  results  [13]. 


5.  Conclusions 

The  chemisorption  and  reaction  of  GeCl4  on  Si(lOO) 
as  a  function  of  substrate  temperature  has  been  investi¬ 
gated  by  using  core  level  photoemission  spectroscopy. 
At  a  substrate  temperature  of  300  °C,  GeCl4  chemisorbs 
dissociatively,  forming  GeCl2,  GeCl  and  elemental  Ge 
bonding  to  the  Si  surface  as  well  as  Si  monochloride 
surface  species.  Following  a  comparison  of  the  results 
obtained  from  exposures  of  Si(lOO)  to  GeC^  at  sub¬ 
strate  temperatures  from  room  temperature  to  800  °C, 
we  have  found  that  a  maximum  amount  of  Ge,  GeCl2 
and  GeCl  is  deposited  on  the  surface  at  300  °C  and  we 
estimate  this  coverage  to  be  slightly  less  than  0.2  mono- 
layers.  At  500  °C  we  observe  the  loss  of  the  GeCl2  and 
GeCl  species,  as  elemental  Ge  remains  bonded  to  the  Si 
surface.  In  addition,  the  intensity  of  the  SiCl2  and  SiCl 
species  subsequently  increases,  as  Cl  from  the  thermal 
decomposition  of  GeCl4  binds  to  available  Si  surface 
sites  that  were  not  present  at  lower  temperatures. 

In  order  to  consider  GeCl4/Si(100)  as  a  possible 
system  to  use  for  ALE  we  propose  the  following.  In  the 
first  step,  GeCl4  is  adsorbed  onto  the  surface  at  a 
temperature  around  300  °C.  This  temperature  is  chosen 
as  it  represents  the  point  at  which  a  maximum  amount 
of  Ge,  GeCl2  and  GeCl  species  are  deposited  on  the 
surface.  In  addition,  this  temperature  is  below  that  at 
which  the  intermixing  of  Si  and  Ge  is  observed  [14].  In 
the  second  step,  atomic  H,  which  is  known  to  remove 
Cl  from  Si  surfaces  [15],  would  be  used  to  remove  all  Cl 
from  the  surface.  This  would  possibly  leave  behind  the 
newly  deposited  Ge  as  well  as  un terminated  Si  dangling 
bonds  ready  for  the  next  exposure  of  GeCl4.  We  plan  to 
investigate  thoroughly  the  effectiveness  of  atomic  H  in 
removing  Cl  from  the  Si  surface  as  well  as  from  the 
deposited  Ge  and  these  results  will  be  published  else¬ 
where  in  a  comparative  report  regarding  the  reaction  of 
GeCl4  on  Si(lOO)  and  Si(lll)  surfaces. 
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Si2H6  adsorption  and  dissociation  pathways  on  Ge(001)2  x  1: 
mechanisms  for  heterogeneous  atomic  layer  epitaxy 
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Abstract 

Auger  electron  spectroscopy  (AES),  electron  energy  loss  spectroscopy  (EELS),  and  reflection  high-energy  electron 
diffraction  (RHEED)  were  used  to  investigate  the  adsorption,  surface  dissociation,  and  thermal  desorption  of  Si2H6 
on  Ge(001)2  x  1.  At  room  temperature,  EELS  results  show  that  Si^H^  is  dissociatively  adsorbed  onto  Ge  dangling 
bonds  and  further  decomposes  to  yield  a  disordered  overlayer  consisting  of  SiH2,  GeH,  and  undissociated  SiH3.  A 
saturated  coverage  of  approximately  0.5  monolayers  is  obtained  with  Si2H5  exposures  greater  than  or  equal  to 
1  X  10^^  cm-^  RHEED  results  indicate  that,  in  contrast  to  Si2H6 -saturated  Si(OOl),  the  saturated  Ge(OOl)  surface 
still  exhibits  a  significant  fraction  of  dimerized  bonds.  H2  desorption  from  the  silicon  dihydride  phase  occurs  during 
1  min  anneals  at  ra>150°C  while  hydrogen  desorption  from  the  silicon  monohydride  phase  and  Ge  surface 
segregation  both  occur  at  significant  rates  at  7^  ^  350  °C.  All  hydrogen  is  desorbed  by  450  *^0,  compared  with 
:i:i550°C  for  the  saturated  Si(OOl)  surface. 


Disilane  (Si2H6)  is  a  promising  precursor  molecule 
for  silicon  growth  by  gas-source  molecular  beam  epi¬ 
taxy  (GS-MBE)  [1,  2]  and  atomic  layer  epitaxy  (ALE) 
[3,  4].  Compared  with  silane  (SiH4),  Si2H6  exhibits 
several  orders  of  magnitude  higher  sticking  probabili¬ 
ties  on  Si  [5,  6],  a  lower  decomposition  activation 
energy  for  both  gas-phase  [7,  8]  and  surface  [9]  reac¬ 
tions  leading  to  lower  desorption  temperatures  [1-4], 
and  a  larger  UV  adsorption  cross-section  [10,  11]  for 
photoinduced  deposition  [12,  13].  Most  of  the  above 
advantages  are  related  to  the  fact  that  the  Si-Si  bond 
(3.3.  eV)  is  weaker  than  the  Si-H  bond  (3.8  eV)  [14]. 

Si2H6  adsorption  and  thermal  decomposition  has 
been  investigated  using  electron  energy  loss  spec¬ 
troscopy  (EELS)  [15],  temperature-programmed  static 
secondary-ion  mass  spectrometry  (TPSSIMS)  [16], 
reflection  high-energy  electron  diffraction  (RHEED) 
[15],  and  scanning  tunneling  microsocpy  (STM)  and 
spectroscopy  (STS)  [17,  18]  on  Si(001)2  x  1  and  by 
temperature-programmed  desorption  (TPD)  [19]  and 
multiple  internal  reflection  IR  spectroscopy  (MIRS) 
[20]  on  Si(lll)7x7.  We  have  recently  shown  that 
silicon  single-crystal  films  can  be  grown  on  Si(001)2  x  1 
substrates  at  temperatures  as  low  as  160  °C  by  UV 
photostimulated  ALE  from  Si2H6  [4].  The  ALE  deposi¬ 
tion  rate  R  per  growth  cycle  remained  constant  and 
kinetically  self-limited  at  0.4  monolayers  (ML)  over  a 
very  wide  range  of  deposition  parameters.  A  film 
growth  model,  based  upon  the  results  of  deposition 
experiments,  Monte  Carlo  simulations,  and  our  previ¬ 
ous  adsorption -desorption  measurements  [15],  was 


used  to  describe  the  reaction  pathway  for  the  process. 
Si2H6  is  dissociatively  adsorbed  on  Si  surface  dimers 
as  two  silyl  (SiH3)  radicals  which  subsequently  dissoci¬ 
ate  to  silylene  (SiH2)  and  H.  Site  blocking  during 
the  adsorption  and  surface  dissociation  steps  limit 
the  surface  coverage  to  2.9  x  lO^'^  SiH2  cm"^  (hence 
R  =  0.43  ML  per  cycle).  The  saturated  surface  is  pas¬ 
sive  to  further  Si2H6  exposure.  ArF  or  KrF  laser  pulses 
(approximately  20  ns)  were  used  to  desorb  H,  following 
a  Si2H6  exposure,  and  the  growth  cycle  repeated  until 
the  desired  film  thickness  was  obtained.  Recent  STM 
measurements  provide  further  insights  regarding  nucle- 
ation,  surface  mobilities,  and  two-dimensional  island 
growth  [17]. 

By  comparison  with  Si,  relatively  few  data  are  avail¬ 
able  concerning  Si2H6  interactions  on  Ge(lll)  [21]  and 
essentially  nothing  has  been  published  on  Si2H6- 
Ge(OOl)  reactions.  In  this  paper,  we  report  the  initial 
results  of  an  investigation,  utilizing  Auger  electron 
spectroscopy  (AES),  EELS,  and  RHEED,  of  the  ad¬ 
sorption  and  thermally  induced  dissociation  of  Si2H6 
on  Ge( 001)2  x  1.  This  work  provides  a  basis  for  subse¬ 
quent  film-growth  studies  of  heterogeneous  Si  ALE  on 
Ge(OOl). 

The  experiments  were  carried  out  in  a  three-chamber 
stainless-steel  10“^^Torr  load-locked  ultrahigh-vacuum 
(UHV)  Si  ALE  system  [3,  4,  15].  Disilane  flow  was 
regulated  via  a  precision  leak  valve  and  introduced  into 
the  chamber  through  a  gas  doser  directed  at  the  Ge 
surface  from  a  distance  of  2.3  cm.  The  impingement 
rate  at  the  sample  [22]  during  disilane  exposure  was 
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maintained  at  either  2.1+0.6x10^’  or  1.0  + 0.3  x 
10’^cm"^s"’.  The  RHEED  electron  accelerating 
voltage  was  20  kV  and  the  beam  was  adjusted  to  inter¬ 
cept  the  substrate  at  an  angle  of  approximately  1.5°. 
First-derivative  AES  spectra  were  obtained  using  a 
primary  electron  energy  Ep  =  3  keV  and  a  cylindrical 
mirror  analyzer  (CM A)  with  a  modulation  voltage 
l/^=  1.87  V.  EELS  spectra  were  acquired  in  negative 
second-derivative  mode  with  E’p  =  100eV,  either 
0.50  or  0,63  V,  and  a  primary  beam  current  of  less  than 
0.3  pA. 

The  Ge(OOl)  substrates  used  in  these  experiments 
were  7  mm  x  20  mm  plates  cleaved  from  0.4  mm  thick 
n-type  (l~5Qcm)  wafers.  Initial  cleaning  consisted  of 
degreasing  followed  by  a  UV  ozone  treatment  as  de¬ 
scribed  in  ref.  4.  The  wafers  were  degassed  at  250  °C  for 
1  h,  and  rapidly  heated  to  450  °C  for  5  min  to  desorb 
the  oxide  overlayer.  Substrate  heating  was  accom¬ 
plished  resistively  by  passing  current  through  the  sam¬ 
ple.  Following  the  in  situ  cleaning  procedure,  the 
substrates  exhibited  sharp  2  x  1  surface  reconstruction 
patterns  typical  of  clean  Ge(OOl)  surfaces  while  AES 
spectra  showed  no  indication  of  C  or  O. 

The  Si  LVV  92  eV  and  Ge  LMM  1147eV  peak-to- 
peak  intensities  I  were  measured  as  a  function  of  Si2H5 
dose  0  from  0  (the  clean  surface)  to  8  x  10’^  cm"^  at 
room  temperature,  /qc  decreased  and  increased  with 
increasing  (j)  until  saturation  was  achieved  at 
4)  ^  10’^  cm”^  with  an  estimated  coverage  ^si  of  0.5  ML 
as  determined  by  AES  based  upon  published  values  for 


Energy  Loss  (eV) 

Fig.  1.  EELS  spectra,  obtained  using  a  100  eV  primary  electron 
energy,  from  a  Ge(001)2  x  1  surface  after  exposure  at  room  tempera¬ 
ture  of  an  Si2H6  dose  of  (a)  0,  (b)  1.4  x  10*^  (c)  3.4  x  10’ ^  (d) 
1.4  X  10’^  (e)  3.4  X  10’^  (0  LO  x  10’^,  and  (g)  1.5  x  10’'^cm“^. 


the  escape  depth  of  Ge  47  eV  MNN  Auger  electrons 
through  a  Si  overlayer  deposited  by  MBE  [23]. 

An  EELS  spectrum  from  a  clean  Ge(001)2  x  1  sur¬ 
face,  with  peak  assignments  from  ref.  24,  is  shown  in 
Fig.  1.  El  (3.0  +  0.2  eV)  and  E2  (4.4  +  0.2  eV)  are  asso¬ 
ciated  with  bulk  band  transitions  while  hco^ 
(10.7  +  0.2  eV)  and  ^cOp  (16.0  +  0.2  eV)  are  due  to  sur¬ 
face  and  bulk  plasmons,  respectively.  The  features  S2 
(7.9  +  0.8  eV),  S^  (9.3  +  0.8  eV),  and  S3  (14.5  +  0.8  eV) 
arise  from  transitions  between  backbond  states  and 
dangling-bond  states  in  the  reconstructed  surface. 
The  surface  state  transition  Si  at  1.3  eV  [24]  is  lost 
in  the  tail  of  the  elastic  peak.  The  higher-energy  loss 
peaks  labeled  d^  (29.1  +0.2eV),  di  (30.5  +  0.2  eV),  d2 
(32.9  +  0.2  eV),  and  d3  (34.5  +  0.2  eV)  have  been  as¬ 
cribed  to  transitions  between  Ge  3d  core  levels  and 
empty  dangling  bond  (dj  and  conduction  band  (di ,  d2, 
and  d3)  states,  respectively  [24]. 

Typical  EELS  spectra  acquired  following  Si2H6  expo¬ 
sures  at  room  temperature  (RT)  are  also  shown  in  Fig. 
1.  Comparing  the  spectra  for  0  =  1.4  x  10’^  cm^^  and 
3.4  X  10’^  cm“^  with  the  clean  surface  spectrum  shows 
that  these  exposures  resulted  in  sufficient  adsorption  to 
reduce  the  intensities  of  the  surface  dangling-bond 
peaks  and  decrease  with  respect  to  hcUp.  Ei  and  E2 
broaden  following  Si2H6  exposure  and  decrease  in  in¬ 
tensity  while  a  new  peak,  which  we  have  labeled  GSH, 
begins  to  emerge  at  8.2  +  0.2  eV.  With  further  increases 
in  Si2H6  exposure,  the  surface  dangling-bond  peaks  are 
no  longer  observable,  the  surface  plasmon  peak  contin¬ 
ues  to  decrease  with  respect  to  the  bulk  plasmon  peak, 
and  the  intensity  of  the  GSH  peak  grows  and  shifts  to 
lower  energy  as  the  remaining  peaks  become  weaker. 
For  (/>  >  3  X  10’"^  cm"^,  the  Ej  and  E2  peaks  are  no 
longer  resolvable  as  hydrogen-related  peaks  occurring 
at  2.8  and  5.1  eV  dominate  the  low-energy  region  of 
the  spectra.  Further  increases  in  Si2H6  dose  above 

1  X  10’^  cm^^  have  no  observable  effect  on  the  EELS 
spectra. 

We  have  shown  previously  that  during  Si2H6  adsorp¬ 
tion  on  clean  Si(001)2  x  1,  a  loss  peak  SH  attributed 
to  a  transition  from  Si-H  bond  states,  emerges  initially 
at  8,4  eV  when  (j)  ^  4  x  cm~^  and  shifts  to  lower 
energy  with  higher  coverages  to  reach  8.0  eV  at  satura¬ 
tion  exposure  [3,  15].  The  8.0  eV  position  is  characteris¬ 
tic  of  a  surface  which  is  nearly  saturated  with  SiH2. 
Surnev  and  Tikhov  [25]  reported  observing  a  H-related 
EELS  peak  GH  at  8.2  eV  for  H  coverage  on  Ge(OOl) 
equal  to  0.75  of  the  saturated  value.  Based  upon 
their  TPD  data,  together  with  previous  MIRS  [26] 
and  UV  photoemission  spectroscopy  [27]  results,  they 
associated  the  GH  EELS  peak  with  the  GeH  mono¬ 
hydride  surface  phase.  Thus,  we  attribute  the  GSH 
peak  in  Fig.  1  which  emerges  at  8.2  eV  with 
(f)  ^  \  A  X  10’^  cm“^  as  being  a  convolution  of  SH  and 
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GH  peaks  due  to  a  mixture  of  SiHj  and  GeH  formed 
through  the  surface  decomposition  reaction 
SiH3(ad) - >  SiHzCad)  +  GeH(ad)  following  the  dis¬ 

sociative  chemisorption  of  SijHg  on  surface  dangling 
bonds.  Based  upon  previous  TPSSIMS  [16]  and  ALE 
[4]  data  for  SijHg  adsorbed  on  Si( 001)2  x  1  at  RT  and 
MIRS  [21]  results  for  Ge(lll),  there  is  likely  to  be 
some  undecomposed  SiH3  present  as  well.  The  intensity 
of  the  GSH  peak  in  Fig.  1  increased  with  increasing 
SiaHg  exposure  owing  to  continued  adsorption  while 
the  peak  position  decreased.  At  saturation  exposure, 
the  GSH  peak  position  was  7.9  eV. 

Zero-order  Laue  zone  RHEED  patterns  along  the 
[TlO]  azimuth  from  clean  Ge( 001)2  x  1  substrates  show 
approximately  equal  intensities  in  fundamental  and 
half-order  diffraction  rods.  A  typical  example  is  shown 
in  Fig.  2(a).  The  intensity  of  half-order,  with  respect  to 
the  fundamental  rods,  decreases  with  increasing  SijHg 
exposure.  For  disilane  doses  (j)  ^  2.5  x  10'^  cm“^,  both 
integral  and  non-integral  reflection  intensities  decreased 
with  respect  to  the  00  reflection  as  the  diffuse  back¬ 
ground  intensity  increased  owing  to  surface  disorder 
resulting  from  Si2H6  adsorption  at  random  sites.  At 
saturation  exposure,  the  half-order  reflections  were  still 
relatively  strong  as  shown  in  Fig.  2(b).  This  is  quite 
different  from  the  case  of  SijHg  adsorption  on 
Si(001)2  X  1  where  the  half-order  reflections  essentially 
disappeared  for  (j)  ^  f^sat-  The  saturated  Ge(OOl)  sur¬ 


Fig.  2.  RHEED  patterns  from  (a)  a  clean  Ge( 001)2  x  1  surface  and 
(b)  after  exposure  at  room  temperature  to  an  SijH,;  dose  of 
1.0  X  lO'^cm-^. 


face  still  has  a  significant  fraction  of  dimerized  bonds 
which  have  been  shown  by  total  energy  calculations  to 
be  more  stable  than  their  Si  counterparts  owing  primar¬ 
ily  to  differences  in  the  buckling  energy  [28].  Our  results 
are  consistent  with  the  finding  that  hydrogen-saturated 
Ge(OOl)  remains  2  x  1  while  Si(OOl)  reverts  to  1  x  1 
[26,  27].  The  average  lattice  constant  obtained  from 
Fig.  2(b)  is  0.556  nm  compared  with  0.565  nm  from  the 
clean  Ge(OOl)  surface  in  Fig.  2(a). 

Clean  Ge  substrates  were  exposed  to  a  saturation 
Si2H6  dose  and  then  annealed  at  temperatures  be¬ 
tween  150  and  550  °C  for  1  min  each  after  which  peak- 
to-peak  intensities  of  the  Ge  LMM  1 147  eV  and  Si 
LVV  92  eV  AES  lines  were  measured.  The  Ge  intensity 
was  found  to  increase  while  the  Si  intensity  was  attenu¬ 
ated  for  Ja  ^  350  °C,  signaling  Ge  segregation  to  the 
surface  in  agreement  with  Si  2p  and  Ge  3d  core-level 
photoemission  observations  of  MBE  Si  layers  on  Ge 
[29]. 

EELS  spectra  acquired  following  annealing  are 
shown  in  Fig.  3.  The  GSH  and  tiOp  peak  intensities 
both  decreased  during  1  min  anneals  at  7),  =  1 50  °C 
while  the  GSH  peak  split  into  two  components  with  the 
main  peak  located  at  7.7  +  0.2  eV  and  a  shoulder  peak 
at  8.2  + 0.2  eV.  The  splitting,  while  small,  was  quite 
reproducible.  The  shoulder  peak  at  8.2  eV  is  in  good 
agreement  with  the  reported  position  for  GeH  [25] 
while  the  main  peak  is  at  a  slightly  lower  energy  than 


Energy  loss  (eV) 

Fig.  3.  EELS  spectra,  obtained  using  a  primary  electron  energy  £p 
of  100  eV,  from  (a)  a  clean  Ge( 001)2  x  1  surface  and  (b)  a 
Ge(001)2  X  1  surface  after  exposure  at  room  temperature  of  an 
Si2Hj  dose  of  1.5  x  lO'^cm"^  and  then  annealed  for  1  min  at  (c) 
150  °C,  (d)  350  “C,  (e)  400  °C,  (f)  450  "C,  (g)  500  “C,  and  (h) 
550  °C. 
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our  previous  results  for  SiH2  on  Si  [15].  These  assign- 
ments,  GeH  and  SiH2,  are  consistent  with  the  peak 
splitting  being  caused  by  the  decomposition  of  residual 
SiH3.  Previous  Si  ALE  results  showed  the  activation 
energy  for  decomposition  of  SiH3  on  Si(OOl)  to  be 
0.5  eV  with  all  residual  silyl  radicals  dissociated  by 
c^lS0°C.  Excess  residual  SIH3  on  the  Si2H6  saturated 
Ge(OOl)  surface  is  also  consistent  with  the  RHEED 
results  showing  a  persistent  (2x1)  reconstruction  as¬ 
suming  that  SiH3  dissociation  results  in  dimer  breaking. 

At  Ta  >  350  °C,  Fig.  3  shows  that  the  GSH  inte¬ 
grated  intensity  has  decreased,  the  splitting  is  no  longer 
observable,  and  the  peak  is  due  primarily  to  SH.  The  S2 
back-bond  peak,  due  to  hydrogen  desorption  from  the 
Ge  monohydride  phase,  has  reappeared  on  the  high-en¬ 
ergy  side  of  GSH  and  the  Ge  peak  E2  is  again  resolved. 
At  the  same  time,  and  consistent  with  the  appearance  of 
the  ds  dangling-bond  peak  indicating  an  increasing 
concentration  of  germanium  surface  dimers,  RHEED 
patterns  began  to  exhibit  increased  half-order,  with 
respect  to  fundamental  diffraction  rod  intensities. 
Taken  together,  these  results  show  that  the  mixed  dihy¬ 
dride-monohydride  surface  is  converted  to  a  mostly 
monohydride  surface  at  temperatures  less  than  350  °C 
and  hydrogen  is  desorbed  from  the  Si  monohydride 
phase  at  ^  350  °C  as  significant  Ge  surface  segrega¬ 
tion  begins  to  occur. 

The  dangling-bond  peak  d^  becomes  visible  at 

^  400  °C  as  the  GSH  peak,  which  continues  to  de¬ 
crease  with  higher  annealing  temperatures,  shifts  up  in 
energy  to  8.4  eV.  GSH  is  unobservable  above  about 
450  °C  as  the  remaining  hydrogen  is  desorbed.  Anneal¬ 
ing  at  higher  temperatures  results  in  EELS  spectra 
which  are  essentially  indistinguishable  from  the  germa¬ 
nium  clean-surface  spectrum  and  no  further  changes  are 
observed,  RHEED  diffraction  rod  spacings  obtained 
from  Ge(OOl)  substrates  exposed  to  Si2H6  saturation 
doses  and  then  annealed  for  1  min  at  >  450  °C  were 
essentially  identical  with  the  values  obtained  from  the 
clean  substrate  surface. 

From  previous  TPD  [19]  and  EELS  [15]  results,  H 
desorbs  from  Si  monohydride  at  temperatures  greater 
than  or  approximately  450-500  ‘"C  while  TPD  results 
for  H-adsorbed  Ge(lll)  [25]  show  that  desorption  oc¬ 
curs  at  i^300  °C.  The  Si-H  binding  energy  is  known  to 
be  larger  than  that  of  Ge-H  (cj:i3.6  [30,  31]  and  3.0  eV 
[27]  respectively)  [32].  Thus,  in  the  present  experiments, 
the  H  desorption  observed  at  ^350  ""C  from  Si2H6-sat- 
urated  Ge(OOl)  was  primarily  from  Ge  monohydride 
rather  than  from  Si  monohydride.  We  believe  that  Ge 
surface  segregation,  driven  by  a  decrease  in  surface 
energy  and  strain  effects  [33],  then  occurred  as  H  on  the 
Si  monohydride  islands  diffused  to  available  Ge  dan¬ 
gling  bonds.  All  H  was  desorbed  from  the  primarily  Ge 
surface  by  450  °C. 


The  overall  trends  we  observe  in  the  present  Si2H6/ 
Ge(001)2  X  1  experiments  are  similar  to  those  for  Si2H6 
interactions  on  Si(001)2  x  1  [4,  15,  17] — the  Si  satura¬ 
tion  coverage  at  room  temperature  is  approximately 
0.5  ML  and  the  overlayer  is  disordered — but  important 
differences  exist.  The  half-order  RHEED  diffraction 
rods  are  still  relatively  strong  on  the  saturated  Ge(OOl) 
surface,  while  almost  undetectable  on  saturated  Si(OOl), 
Hydrogen  desorption  from  Ge  monohydride,  indicated 
by  the  re-emergence  of  EELS  dangling-bond  peaks, 
occurs  at  temperatures  which  are  approximately  150  ""C 
less  than  for  Si  monohydride,  and  Ge  begins  to  segre¬ 
gate  to  the  surface  at  near  350  ""C  as  hydrogen  is  lost 
from  the  Si  monohydride  phase.  All  hydrogen  is  des¬ 
orbed  by  450  °C,  compared  with  ^550  °C  for  the  satu¬ 
rated  Si(OOl)  surface.  These  results  indicate  that  the 
growth  parameter  window  for  heterogeneous  Si2H6 
ALE  on  Ge(001)2  x  1  will  be  considerably  narrower 
than  on  Si(001)2  x  1  until  steady-state  deposition  is 
achieved. 
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Abstract 

The  interaction  of  various  hydrocarbon  species  with  the  Si(lOO)  surface  has  been  investigated  using  several  surface 
science  techniques.  The  efficiency  of  carbon  deposition  is  related  to  the  efficiency  of  SiC  thin  film  formation.  The 
hydrocarbon  species  studied  include  acetylene  (C2H2),  ethylene  (C2H4),  and  the  adsorbed  methyl  group  (CH3(a)). 
In  the  case  of  the  chemisorption  of  acetylene  and  ethylene,  the  Ti-bond  of  the  olefinic  molecules  interacts  with  the 
dimer  unit  (Si2)  on  the  Si(100)-(2  x  1)  surface.  One  monolayer  of  both  acetylene  and  ethylene  on  Si(lOO)  has  been 
achieved  by  saturating  the  surface  at  105  K,  and  a  di-tr-bonding  structure  is  proposed  for  one  molecule  per  Si2  dimer 
unit  at  monolayer  coverage.  Upon  heating,  the  majority  (>95%)  of  the  adsorbed  acetylene  undergoes  dissociation 
to  produce  chemisorbed  carbon  and  H2(g).  In  contrast,  chemisorbed  ethylene  desorbs  intact  from  Si(lOO)  at 
^550K,  with  approximately  2%  of  the  monolayer  undergoing  dissociation.  The  low  activation  energy  for 
desorption  (£’5(C2H4)  =  38  kcal  mol~‘)  allows  C2H4  to  desorb  prior  to  significant  decomposition. 

Investigations  of  the  thermal  behavior  of  CH3(a)  on  Si(lOO)  show  that  the  adsorbed  methyl  group  is  stable  up  to 
-600  K.  At  higher  temperatures,  CH3(a)  decomposes  to  CH^(a)  (x  <  3)  species,  and  subsequently  liberates  H2(g), 
leaving  carbon  on  the  surface.  Less  than  1%  of  the  adsorbed  carbon  species  (CH^.,  x  ^3)  desorbs  in  the  form  of  C2 
hydrocarbon  species  upon  heating.  This  indicates  that  the  methyl  group  is  an  efficient  source  of  surface  carbon  by 
thermal  decomposition. 


1.  Introduction 

The  mechanism  by  which  a  molecule  interacts  with  a 
crystalline  semiconductor  surface  is  of  fundamental  im¬ 
portance  in  semiconductor  technologies.  Various  vapor 
deposition  methods  and  epitaxial  growth  procedures 
are  largely  dependent  on  the  interaction  of  gaseous 
molecules  with  the  substrate  surface.  Knowledge  of  the 
nature  of  the  elementary  chemical  processes  at  the 
surface,  and  the  bonding  structure  as  well  as  the  chem¬ 
ical  nature  of  the  chemisorbed  species,  is  therefore 
important. 

The  adsorption  and  thermal  behavior  of  hydrocar¬ 
bon  molecules  on  well-defined  silicon  surfaces  is  of 
considerable  interest  since  such  species  are  used  in  the 
formation  of  SiC  thin  films  [1-10]  or  in  epitaxial 
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diamond  film  growth  (for  a  recent  review  of  diamond 
growth  see  ref.  11).  This  paper  is  a  review  of  our 
investigations  of  the  interaction  of  various  hydrocarbon 
species  with  the  Si(lOO)  surface  [12-17].  It  is  known 
that  the  reconstructed  Si(lOO)  surface  consists  of  paral¬ 
lel  rows  of  Si2  dimers  with  one  dangling  bond  on  each 
surface  Si  atom.  As  a  result  of  Si  dimerization,  a  (2  x  1) 
superlattice  is  observed  by  low  energy  electron  diffrac¬ 
tion  (LEED)  [18],  and  by  scanning  tunneling  mi¬ 
croscopy  (STM)  [19].  The  study  of  the  chemisorption 
of  a  number  of  hydrocarbon  molecules  on  the  Si(lOO) 
surface  has  shown  that  the  7r-bond  in  an  unsaturated 
hydrocarbon  is  the  active  center  for  the  reaction  of 
these  molecules  with  a  clean  Si(lOO)  surface  [20].  In 
contrast,  the  saturated  hydrocarbon  molecules,  contain¬ 
ing  only  single  bonds  (cr -bonds)  between  carbon  atoms, 
do  not  react  with  the  clean  Si(lOO)  surface  at  low 
temperatures  [20]. 

The  hydrocarbon  species  studied  in  this  work  include 
acetylene  (C2H2)  [12,  15],  ethylene  (C2H4)  [12-14], 
and  the  adsorbed  methyl  group  (CH3(a))  produced  by 
dissociative  adsorption  of  CH3I  [16,  17].  Various  sur¬ 
face  science  techniques  have  been  employed,  including 
quantitative  uptake  measurements,  temperature  pro¬ 
grammed  desorption  (TPD),  Auger  electron  spec¬ 
troscopy  (AES)  and  vibrational  spectroscopy.  Both 
C2H2  and  C2H4  are  studied  because  of  the  multiple 
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carbon-carbon  bonds  in  these  two  molecules  and  also 
because  both  molecules  have  been  used  in  the  growth  of 
SiC  films  [2-6,  10],  One  monolayer  of  both  acetylene 
and  ethylene  on  Si(  100)  has  been  achieved  by  saturating 
the  surface  at  105  K,  and  a  di-u-bonding  structure  is 
proposed  for  one  molecule  per  Sij  dimer  unit  at  mono- 
layer  coverage.  Upon  heating,  the  majority  (>95%)  of 
the  adsorbed  acetylene  undergoes  dissociation  to  pro¬ 
duce  chemisorbed  carbon  and  HjCg).  In  contrast,  chemi¬ 
sorbed  ethylene  does  not  dissociate  appreciably  on 
Si(lOO)  and  desorbs  intact  at  ~550K. 

The  methyl  radical  is  also  generally  considered  as  an 
active  species  for  carbon  deposition  using  plasma  sources 
as  well  as  in  high  temperature  chemical  vapor  deposition 
(CVD)  reactors  [9, 1 1],  Our  investigations  of  the  thermal 
behavior  of  CHjC  a)  on  Si(lOO)  show  that  the  adsorbed 
methyl  group  is  stable  up  to  ~600  K.  At  higher  temper¬ 
atures,  CHjCa)  decomposes  to  CH^.(a)  (x  <  3)  species. 
Combining  the  results  from  AES  and  TPD  studies,  we 
conclude  that  the  methyl  group  is  an  efiScient  source  of 
surface  carbon  by  thermal  decomposition. 


2.  Experimental  details 

The  ultrahigh  vacuum  (UHV)  system  (with  a  base 
pressure  of  1  x  10“’®Torr)  and  the  Si(lOO)  crystal 
preparation  have  been  described  previously  [12-16]; 
selected  aspects  will  be  summarized  here.  The  system  is 
equipped  with  an  Auger  electron  spectrometer,  an  ar¬ 
gon  ion  sputtering  gun,  a  collimated  and  calibrated 
microcapillary  array  doser  [21],  and  a  multiplexed 
quadrupole  mass  spectrometer  (QMS)  with  capabilities 
for  both  random  flux  and  line-of-sight  detection  [22]. 
Heating  of  the  Si(lOO)  crystal  (15  x  15  x  1.5  mm^;  p- 
type;  B-doped;  10  Q  cm)  is  provided  by  a  Honeywell 
programmable  temperature  controller  used  to  drive  a 
feedback  circuit  to  control  the  power  to  the  crystal  [23]. 

For  the  adsorption  of  molecular  species,  a  calibrated 
microcapillary  array  doser  was  used  to  deliver  the  gas 
molecules  onto  the  Si(lOO)  surface  [21]  (Fig.  1(A)).  The 
doser  contains  an  internal  pinhole  aperture  (2  pm  diame¬ 
ter)  whose  conductance  has  been  calibrated  accurately  for 
the  molecular  species  to  be  studied  [12].  The  partial 
pressure  change  of  the  molecular  species  during  adsorp¬ 
tion  was  monitored  by  the  mass  spectrometer  with 
the  shield  open  and  in  a  random  flux  detection  geom¬ 
etry.  Using  the  same  mass  spectrometer  (differentially 
pumped),  TPD  measurements  can  be  made  with  the 
shield  closed  and  in  a  line-of-sight  detection  geometry. 

Surface  cleanliness  and  the  relative  coverages  of  ab- 
sorbates  were  verified  by  AES.  All  the  AES  data  re¬ 
ported  here  were  obtained  by  averaging  at  four  or  more 
positions  on  the  prepared  surface.  In  addition,  a  second 
UHV  chamber,  equipped  with  a  high  resolution  elec- 
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ADSORPTION  OF  C2H2  ON  Si(lOO)  SURFACE  AT  105K 


TIME  (SEC) 


Fig.  1.  (A)  Schematic  diagram  of  apparatus  for  quantitative  uptake 
measurements;  (B)  a  typical  kinetic  uptake  measurement  for  C2H2  on 
Si(lOO)  at  105  K. 


Iron  energy  loss  spectrometer  (HREELS),  is  used  for 
the  surface  vibrational  spectroscopy  studies  [17].  The 
typical  primary  beam  energy  used  for  HREELS  mea¬ 
surements  is  4.2  eV  with  a  full  width  at  half-maximum 
of  65-70  cm-'. 


3.  Results  and  discussion 

3.L  Absolute  coverage  measurements  for  C2H2  and  C2/74 
Figure  1(A)  shows  a  schematic  diagram  of  the  ap¬ 
paratus  employed  to  measure  the  absolute  coverage  of 
adsorbate  during  the  adsorption  process.  A  collimated 
beam  of  molecular  species  is  delivered  from  a  doser 
containing  a  microcapillary  collimator  array.  The  abso¬ 
lute  flux  of  the  collimated  beam  onto  the  crystal  surface 
is  determined  from  the  calibrated  conductance  through 
the  internal  pinhole  aperture  [12]  and  from  the  calcu¬ 
lated  angular  distribution  of  the  beam  [24].  Before  the 
measurement,  the  cleaned  Si(lOO)  crystal  is  placed  in  a 
known  position  relative  to  the  doser,  and  a  movable 
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shutter  is  placed  between  the  doser  and  the  crystal  to 
separate  the  crystal  from  the  direct  beam.  After  a  flux 
of  gas  molecules  has  been  established  through  the 
doser,  the  shutter  is  then  moved  out  of  the  beam  and 
adsorption  begins  to  take  place  on  the  surface.  The  gas 
molecules  which  miss  the  crystal,  or  which  strike  the 
crystal  and  do  not  adsorb,  are  measured  with  the 
shielded  QMS  which  detects  only  the  random  flux  of 
non-adsorbed  species.  For  a  detailed  description  of  the 
measurement  method,  the  interested  reader  is  referred 
to  refs.  12  and  25. 

A  typical  adsorption  measurement  for  C2H2  on 
Si(100)-(2  X  1),  at  a  crystal  temperature  of  105  K,  is 
shown  in  Fig.  1(B).  When  the  shutter  is  moved  out  of 
the  beam,  the  partial  pressure  of  C2H2  detected  by  the 
mass  spectrometer  decreases  instantly  from  to  P2, 
indicating  that  the  adsorption  of  C2H2  onto  the  Si(lOO) 
surface  occurs.  The  fraction  of  gas  molecules  striking 
the  surface  and  adsorbing  can  be  determined  by  the 
ratio  of  {P^  —  P2)I{P\  —  Pq),  which  is  0.45  +  0.01  for 
C2H2.  This  is  in  excellent  agreement  with  the  calcula¬ 
tion  which  shows  that  the  fraction  of  the  beam  inter¬ 
cepted  by  the  crystal  is  0.46  +  0.05,  based  on  the  known 
doser  and  crystal  geometry  [24].  This  indicates  the 
initial  C2H2  sticking  probability,  S(0),  is  nearly  unity  at 
105  K.  Knowing  the  absolute  flux,  F,  and  the  sticking 
probability,  S{i),  the  absolute  coverage,  N{t),  in  the 
time  interval  t  can  be  determined  directly  from  the 
kinetic  uptake  curve  (as  shown  in  Fig.  1(B))  according 
to  the  following  equation, 


N{t)  =  F 


Sit)  dt 


With  an  additional  small  correction  in  the  low  sticking 
probability  region  (the  region  where  the  adsorption 
efficiency  is  beyond  the  detection  limit  of  the  mass 
spectrometer)  [12],  we  have  determined  that  the  satura¬ 
tion  coverage  of  C2H2  on  the  Si(100)-(2  x  1)  surface  is 
2.5(  +  0.2)  X  10^"^  molecules  cm'^.  Using  the  same  mea¬ 
surement,  an  identical  saturation  coverage  has  been 
determined  for  C2H4  on  Si(lOO)  at  105  K.  On  a  perfect 
reconstructed  Si(100)-(2  x  1)  surface,  the  dimer  den¬ 
sity  is  3.4  X  10’"^  Si2  dimers  cm~^.  However,  a  high  den¬ 
sity  of  defects,  like  missing  dimers,  is  generally  seen  on 
an  UHV-prepared  surface  [19].  Missing  dimer  defects 
were  also  suggested  to  stabilize  the  Si(lOO)  reconstruc¬ 
tion  [26].  STM  measurements  often  show  a  5-10% 
defect  density  on  Si(lOO)  surfaces.  Since  other  studies 
have  shown  that  defects  are  inactive  for  olefin  adsorp¬ 
tion  [27],  the  saturation  capacity  of  Si(lOO)  will  be 
reduced  in  proportion  to  the  defect  density.  Assuming  a 
10%  defect  density,  the  saturation  coverage  on  non-de¬ 
fective  Si(lOO)  sites  is  near  unity  (0.8  +  0.07),  i.e.  our 
measurements  suggest  that  each  Si2  dimer  site  adsorbs  a 
single  C2H2  or  C2H4  molecule.  This  chemisorption 


model,  which  involves  the  formation  of  Si-C  bonds 
between  the  carbon  atom  pair  of  the  chemisorbed 
olefinic  molecule  and  the  silicon  atom  pair  in  a 
Si2  dimer,  is  supported  by  the  preservation  of  the 
(2x1)  FEED  pattern  upon  chemisorption  of  C2H2  and 
C2H4,  by  HREELS  measurements  [28,  29],  and  by 
thermodynamic  arguments  [14,  15]. 

3,2.  Thermal  behavior  of  chemisorbed  C2H2  and  C2//4 

Thermal  desorption  studies  for  both  C2H2  and  C2H4 
on  Si(lOO)  reveal  that  the  only  desorption  products  are 
the  intact  molecules  (C2H2  and  C2H4)  and  H2.  TPD 
spectra  obtained  after  saturating  the  Si(lOO)  surface 
with  C2H2  and  C2H4  are  shown  in  Figs.  2(A)  and  2(B) 
respectively.  Using  the  analytical  method  developed  by 
Chan  et  al.  [30],  the  activation  energy  for  desorption 
(Fd)  and  the  pre-exponential  factor  (k^)  can  be  deter¬ 
mined  by  using  the  full  width  half-maximum  of  the 
desorption  peaks.  This  analysis  was  performed  for 
various  initial  coverages.  Assuming  first-order  desorp¬ 
tion  kinetics,  and  in  the  zero-coverage  limit  for 
both  molecules  are:  Fd(C2H2)  =46.1  +  2.0  kcal  mol“\ 
yt°(C2H2)  =2  X  lO^^i  ’  s-'  [15];  and  F^(C2H4)  =38.0  + 
1.5kcalmol-*,  kliC2H^)=5x  lO'^i^'-^s"'  [14]. 

Also  measured  was  the  thermal  desorption  of  molecu¬ 
lar  hydrogen,  which  is  evolved  from  thermal  decomposi¬ 
tion  of  the  chemisorbed  hydrocarbon  molecules  (Fig.  2). 
This  desorption  feature  occurs  at  F  ^  700  K,  which  is 
near  that  for  H2  desorption  from  the  monohydride  phase 
(H-Si-Si-H)  on  Si(lOO).  Based  on  the  magnitude  of 
the  H2  desorption  signals,  the  extent  to  which  the 
chemisorbed  hydrocarbon  molecules  have  decomposed 
on  the  Si(lOO)  surface  during  heating  can  be  estimated. 
By  comparing  the  yield  of  H2  desorption  from  a  satu¬ 
rated  overlayer  of  C2H2  with  that  from  a  saturated 
monohydride  phase  (the  amount  of  H2  desorbed  from 
the  saturated  monohydride  phase  corresponding  to  1 
monolayer  (ML)  =  6.8  x  10^"^  H  cm"^  [31]),  the  inte¬ 
grated  area  of  H2  desorption  from  decomposition  of 
C2H2  is  estimated  to  be  ^78%  of  1  ML.  For  a  C2H2 
coverage  of  0.8  +  0.07  ML,  this  therefore  indicates  that 
the  major  reaction  pathway  for  chemisorbed  C2H2  on 
Si(lOO)  is  thermal  decomposition  of  C2H2  with  subse¬ 
quent  hydrogen  desorption;  and  only  a  small  fraction  of 
C2H2  desorbs  as  the  intact  molecule  (Fig.  2(A)).  A 
similar  analysis  has  been  done  for  the  thermal  desorp¬ 
tion  of  C2H4  on  Si(lOO).  In  contrast  to  the  thermal 
behavior  of  chemisorbed  C2H2,  the  measurements  indi¬ 
cate  that  approximately  98%  of  the  chemisorbed  C2H4 
desorbs  as  intact  molecules  without  decomposition  (Fig. 
2(B)).  Figure  2  is  shown  for  hydrogen-containing  hydro¬ 
carbons  for  simplicity.  The  amount  of  the  decomposed 
ethylene  based  on  the  molecular  hydrogen  desorption 
was  estimated  from  measurements  using  perdeutero- 
ethylene  (C2D4)  (see  ref.  14). 
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TPD  SPECTRA  OF  C2H2  AND  C2H^  ON  Si(1 00)-(2x1 ) 
AT  SATURATION  COVERAGE:  dT/dt=  1.0  K/s 
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Fig.  2.  TPD  spectra  obtained  after  saturating  the  Si(lOO)  surface  with  C2H2  (A)  and  C2H4  (B).  The  heating  rate  for  the  TPD  measurements 
was  1.0  Ks“'.  Note  that  the  desorption  spectrum  of  is  amplified  by  a  factor  of  5. 

saturation  overlayer  through  the  C2H2  desorption  tern” 
perature  results  in  a  ^^5%  decrease  of  the  C/Si  Auger 
intensity  ratio  as  judged  by  the  averaged  data  in  Fig.  3. 
This  confirms  the  TPD  measurements  which  show  that 
the  desorption  process  is  a  minor  reaction  pathway  for 
C2H2  on  Si(lOO).  Heating  above  '^SOOK  causes  the 
C(KLL)  signal  to  decrease  as  carbon  diffuses  into  the 
bulk.  Qualitatively,  similar  results  have  been  reported 
for  the  decomposition  of  the  propylene  (H2C  = 
CH  — CH3)  on  Si(lOO)  with  subsequent  carbon  pene¬ 
tration  at  higher  temperatures  [27].  On  the  other  hand, 
investigation  of  thermal  behavior  of  C2H4  on  Si(lOO) 
using  AES  shows  that  the  carbon  coverage  decreases 
distinctly  at  '-550K,  and  has  dropped  to  nearly  zero 
by  '-bOOK  [14].  This  corresponds  to  the  temperature 
range  in  which  C2H4  desorption  occurs  (Fig.  2(B)). 

The  information  contained  in  Figs.  2  and  3  shows 
that  chemisorbed  C2H4  decomposes  very  inefficiently 
on  Si(lOO),  in  sharp  contrast  to  chemisorbed  C2H2 
which  dehydrogenates  nearly  completely  (>95%). 
The  main  difference  between  the  interaction  of  these 
two  molecules  with  the  Si(lOO)  surface  is  the  ac¬ 
tivation  energy  for  desorption:  jE’d(C2H2)  =  46.1  + 


Production  of  "Si-C" from  Adsorbed  HC  =  CH 


Temperature  (K) 


Fig.  3.  The  change  in  carbon  Auger  intensity  upon  annealing  a  C2H2 
adlayer  to  different  temperatures  on  Si(lOO).  The  error  bars  represent 
a  ±  \  a  deviation  from  the  average  of  six  AES  measurements  on  the 
surface. 

The  conversion  of  chemisorbed  hydrocarbon  to  sur¬ 
face  carbon  was  also  investigated  using  AES.  In  Fig.  3, 
the  ratios  of  C(KLL)  to  Si(LVV)  signals  indicate  that 
the  amount  of  carbon  retained  on  the  surface  is  a 
function  of  the  crystal  temperature.  Heating  of  a  C2H2 
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2.0  kcal  mol“';  £’5(C2H4)  -38.0  + 1,5  kcal  mo\-~\  which 
produces  an  '^IdOK  difference  in  desorption  tempera¬ 
ture,  The  low  desorption  activation  energy  for  C2H4 
allows  the  adsorbed  C2H4  to  desorb  at  a  lower  tempera¬ 
ture  prior  to  significant  decomposition^  whereas  the  high 
desorption  activation  energy  for  C2H2  causes  the  ad¬ 
sorbed  C2H2  to  be  retained  on  the  surface  to  a  higher 
temperature  where  dehydrogenation  dominates  the  sur¬ 
face  process.  In  addition,  mechanistic  studies  using  the 
isotopic  mixing  method  (*^C2H4  and  ^^C2H4)  have 
shown  that  less  than  1%  isotopic  mixing  of  ethylene 
occurs  in  the  approximate  temperature  range  of  500  K- 
950  K  where  the  desorption  and  decomposition  of 
C2H4  takes  place  [13].  This  observation  excludes  the 
remote  possibility  that  C2H4  desorption  is  via  the  scis¬ 
sion  of  the  carbon-carbon  bond,  followed  by  recombi¬ 
nation  of  CH2(a)  fragments.  We  therefore  conclude 
that  the  low  probability  of  SiC  film  growth  at  elevated 
temperatures,  as  previously  reported  (the  efficiency  of 
SiC  formation  using  C2H4  is  ^10“^  per  collision  at 
940  K  [3,  13]),  is  due  mainly  to  non-dissociative  behav¬ 
ior  and  desorption  of  C2H4,  rather  than  to  inefficient 
C2H4  chemisorption.  In  fact,  studies  of  the  growth  of  a 
fJ-SiC  film  on  Si  surfaces  have  shown  that  the  growth 
rate  obtained  using  C2H2  was  larger  than  that  obtained 
using  C2H4  in  an  UHV  environment  [10]. 

3,3.  Thermal  behavior  of  adsorbed  CH^, 

The  thermal  stability  of  the  adsorbed  methyl  group 
on  Si(lOO)  was  studied  by  using  the  dissociative 
chemisorption  of  methyl  iodide  (CH3I)  as  a  source  of 
CH3(a).  Experimental  evidence,  based  on  both  quanti¬ 
tative  uptake  measurements  (the  method  described  in 
Section  3.1)  and  TPD,  indicates  that  the  CH3I  molecule 
dissociates  into  a  covalently  bonded  methyl  group  and 
an  iodine  atom  upon  adsorption  at  300  K  [16].  Heating 
causes  the  decomposition  of  the  adsorbed  methyl 
group.  Figure  4  shows  typical  TPD  spectra  from  CH3I 
on  Si(lOO).  The  main  features  observed  are  2  amu  (H2^ 
from  H2  desorption)  and  127  amu  (D  from  both  HI 
and  I  desorption).  The  desorption  of  C2  hydrocarbon 
species  (data  not  shown)  occurring  in  the  same  temper¬ 
ature  range  as  the  H2  desorption  peak  was  also  ob¬ 
served.  The  amount  of  the  adsorbed  carbon  species 
desorbing  in  the  form  of  C2  hydrocarbon  species  was 
estimated  to  be  less  than  1%  [16],  In  addition,  neither 
the  desorption  of  methane  nor  the  desorption  of  CH3I 
was  observed.  These  results  suggest  that  CH3(a)  on 
Si(  100)  is  stable  up  to  ^^600  K.  At  higher  temperatures, 
the  adsorbed  methyl  group  decomposes  and  liberates 
H2(g). 

The  thermal  stability  of  CH3(a)  on  Si(lOO)  has  also 
been  verified  by  vibrational  spectroscopy  using 
HREELS  [17].  Figure  5  shows  the  vibrational  spectra 
obtained  after  the  CH3I  adlayer  on  Si(lOO)  was  heated 


TYPICAL  TPD  SPECTRA  FROM  CH3I  ON  Si(IOO) 


TEMPERATURE  (K) 


Fig.  4.  Typical  TPD  spectra  from  CH3I  on  Si(IOO)  with  a  heating 
rate  of  1.0  K  s"L 


to  the  temperatures  indicated.  Characteristic  C- 
H^(3  ^  1)  vibrational  modes  are  observed  in  three 

regions:  the  C-H  stretching  modes  in  the  2800- 
3200  cm"*  region,  and  the  C-H  deformation  modes  in 
the  1100-1600  cm  *  and  700-1000  cm"*  regions  [32, 
33].  The  vibrational  spectrum  shown  in  Fig.  5(A)  was 
obtained  after  CH3I  adsorption  at  300  K.  In  addition 
to  the  CH^.  vibrational  modes,  the  presence  of  the  Si- 1 
stretching  vibration  at  435  cm"*  and  the  absence  of  the 
C-I  stretching  mode  at  525  cm" *  confirm  that  CH3I 
dissociates  into  CH3(a)  and  1(a)  at  300  K.  Identical 
spectra  were  observed  by  heating  the  surface  up  to 
600  K.  Further  heating  to  700  K  (Fig.  5(C))  causes  two 
pronounced  changes  in  the  vibrational  spectrum:  (1)  a 
large  intensification  of  the  Si-H  mode  at  2140  cm”*; 
and  (2)  a  new  frequency  mode  developing  at  980  cm”*. 
The  appearance  of  the  Si-H  mode  at  700  K  suggests 
that  the  adsorbed  methyl  group  has  begun  to  decom¬ 
pose  to  CH2(a)  and/or  CH(a)  species.  This  is  also 
supported  by  the  development  of  the  new  vibrational 
feature  at  980  cm"*  which  can  be  assigned  to  either  a 
CH2  rocking  mode  [32]  or  to  a  C-H  deformation  mode 
[33,  34].  The  vibrational  spectrum  recorded  after  heat¬ 
ing  to  775  K  (Fig.  5(D))  shows  that  all  the  CH3  and 
CH2  deformation  modes  in  the  1 100-1600  cm”*  region 
have  disappeared,  indicating  the  decomposition  of  all 
the  CH3(a)  and  CH2(a)  species.  In  addition,  the  pres¬ 
ence  of  CH(a)  up  to  775  K  is  indicated  by  the  ^(C-H) 
bending  deformation  of  945  cm”*  and  the  attenuated 
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Thermal  Decomposition  of  CH^Cci) 
on  Si(l  00)^(2x1 ) 


Fig.  5.  Vibrational  spectra  of  CH3I  adsorbed  on  Si{100)  at  300  K, 
followed  by  sequential  heating  to  the  temperatures  indicated  with  a 
heating  rate  of  1  Ks“^  All  HREEL  spectra  were  recorded  after 
cooling  to  100  K. 


C-H  stretching  mode  at  2970  By  850  K,  only  a 
770  cm”'  vibrational  loss  remains  which  is  due  to  car¬ 
bon  on  the  surface  [35].  These  results  provide  direct 
evidence  for  the  thermal  stability  of  CH3(a)  on  Si(lOO). 

The  lack  of  a  desorption  pathway  (<1%)  for 
chemisorbed  CH;,.(a)  (x  ^  3)  species  suggests  that  the 
efficiency  for  the  conversion  of  the  CH^.(a)  species  to 
surface  carbon  is  near  unity.  Figure  6  shows  the  ther¬ 
mal  effect  on  both  carbon  and  iodine  Auger  intensities. 
The  change  of  carbon  Auger  intensity  is  negligible  up  to 
'^760K  when  a  monolayer  produced  from  CH3I  is 
examined.  At  higher  temperatures,  diffusion  of  surface 
carbon  into  the  bulk  is  observed  as  shown  by  the 
decrease  of  the  carbon  Auger  intensity.  The  iodine 
signal,  on  the  other  hand,  begins  to  decrease  at  ^700  K 
and  becomes  undetectable  above  900  K.  The  decrease 
of  iodine  Auger  intensity  is  consistent  with  the  thermal 
desorption  of  iodine  and  hydrogen  iodide  shown  in  Fig. 
4.  Combining  these  results  with  TPD  and  HREELS 


THERMAL  EFFECTS  FOR  CH^I  ON  Si(100) 

USING  AUGER  ELECTRON  SPECTROSCOPY 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
1.0 

0.8 

0.6 

0, 

0.4 
0.2 
0.0 

200  400  600  800  1000 

TEMPERATURE  (K) 

Fig.  6.  Thermal  effects  on  adsorbed  CH3I  on  Si(lOO)  using  AES.  The 
Auger  intensities  are  normalized  to  the  intensities  of  the  saturated 
adlayer.  Lines  are  drawn  to  guide  the  eye. 
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studies,  we  therefore  conclude  that  the  methyl  group  is 
an  efficient  source  for  carbon  deposition  on  Si(lOO). 

Finally,  the  general  observation  of  carbon  diffusion 
at  r  >  800  K  (Figs.  3  and  6,  and  ref.  27)  suggests  that 
a  supply  of  surface  Si  can  be  achieved  by  heating 
during  the  SiC  thin  film  growth  process.  In  fact,  it  has 
been  shown,  for  the  reaction  of  Si(lOO)  with  C2H4,  that 
the  formation  of  a  SiC  film  occurs  only  at  T  ^  940  K 
[5].  In  addition,  it  was  found  that  the  surface  of  the 
growing  film  was  covered  with  an  Si  layer,  indicating 
that  surface  aggregation  of  bulk  Si  on  top  of  the 
growing  SiC  film  occurs  [5].  Recently,  the  epitaxial 
growth  of  SiC  crystals  has  been  achieved  from  the 
reaction  of  Si(lOO)  with  a  low  flux  beam  of  C2H2 
(<6  X  10'^  molecules  s”'  cm”^)  at  1100-1300  K.  These 
studies  also  confirmed  that  the  surface  under  reaction 
conditions  was  covered  with  an  Si-rich  layer  [2]. 


4.  Summary 

The  adsorption  and  thermal  behavior  of  various  hy¬ 
drocarbon  species  (C2H2,  C2H4  and  CH3(a))  on  the 
Si(100)-(2  X  1)  surface  have  been  investigated.  The 
major  findings  are  summarized  below: 

(1)  A  quantitative  uptake  measurement  method  has 
been  developed  using  an  accurately  calibrated  beam 
doser  and  a  shielded  QMS  for  random  flux  detec- 
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tion.  The  results  of  the  C2H2(C2H4)  chemisorption 
on  Si(lOO)  at  105  K  show  that  the  chemisorbed 
C2H2(C2H4)  forms  a  saturated  monolayer  with  one 
C2H2(C2H4)  per  Si2  dimer  site,  producing  a  di-cr  sur¬ 
face  complex. 

(2)  Chemisorbed  C2H2  predominantly  undergoes  de¬ 
hydrogenation,  leading  to  carbon  deposition.  A  minor 
reaction  pathway  (  <  5%)  involves  desorption  of  C2H2 
with  an  activation  energy  at  the  zero-coverage  limit 
(£’d)  of  46kcalmol“^  In  contrast,  chemisorbed  C2H4 
desorbs  predominantly  without  appreciable  dissocia¬ 
tion.  The  relatively  low  binding  energy  for  C2H4,  as 
suggested  from  its  low  activation  energy  for  desorption 
(£'d(C2H4)  =  38  kcal  mol"^),  allows  the  chemisorbed 
C2H4  to  desorb  at  a  lower  temperature  prior  to  signifi¬ 
cant  C-H  bond  activation. 

(3)  The  adsorbed  methyl  group  on  Si(lOO)  is  stable 
up  to  ^^600  K.  At  higher  temperatures,  CH3(a)  decom¬ 
poses  to  CH^.(a)  (x  <  3)  species  and  subsequently  liber¬ 
ates  H2(g),  leaving  carbon  on  the  surface.  The  lack  of  a 
desorption  pathway  (<1%)  for  chemisorbed  CH^.(a) 
(x  ^  3)  allows  the  CH^  (a)  species  to  decompose  com¬ 
pletely,  suggesting  that  the  methyl  group  is  an  efficient 
source  for  carbon  deposition. 

(4)  The  general  observation  of  carbon  diffusion  into 
the  bulk  at  T^SOOK  (Figs.  3  and  6,  and  ref.  27) 
suggests  that  a  supply  of  surface  Si  for  epitaxial  growth 
of  SiC  can  be  achieved  by  heating  during  the  growth 
process. 
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Abstract 

Hydrogen  plays  a  crucial  role  in  diamond  film  growth  by  chemical  vapor  deposition  and  is  likely  to  be  similarly 
critical  to  atomic  layer  epitaxy,  yet  the  surface  chemistry  of  hydrogen  on  diamond  is  only  beginning  to  be 
understood.  We  investigated  the  adsorption  of  hydrogen  and  deuterium  on  diamond  (100)  by  temperature-pro¬ 
grammed  desorption  and  by  IR  multiple-internal-reflection  spectroscopy  using  a  natural  type  Ila  diamond  internal 
reflection  element.  Complementary  theoretical  studies  were  carried  out  using  the  empirical  MM3  molecular 
mechanics  force  field,  which  has  a  demonstrated  high  degree  of  accuracy  for  many  molecules  despite  computational 
simplicity.  H2  desorption  was  observed  with  a  peak  temperature  of  approximately  1250  K  and  a  peak  shape 
suggestive  of  first-order  kinetics,  and  is  assigned  to  the  monohydride  surface  structure,  with  one  hydrogen  atom  per 
surface  carbon  atom.  Assuming  a  pre-exponential  factor  of  10*^s~‘,  the  activation  energy  for  desorption  is 
estimated  as  approximately  SOkcal/mol'^  IR  evidence  was  seen  for  the  monohydride  surface  structure,  with  one 
hydrogen  atom  per  surface  carbon  atom  (<5^0  mode  at  901  cm“’),  for  the  first  time  on  diamond  (100).  The  MM3 
calculations  predict  that  the  (2  x  1):H  monohydride  phase  is  the  most  stable  thermodynamically  and  the  dominant 
phase  under  typical  chemical  vapor  deposition  conditions. 


1.  Introduction 

The  critical  role  played  by  hydrogen  in  diamond 
chemical  vapor  deposition  (CVD)  is  well  established 
[1].  To  date  only  preliminary  results  have  been  pub¬ 
lished  on  the  growth  of  diamond  films  by  atomic  layer 
epitaxy  (ALE)  [2],  but  surface  hydrogen  plays  a  crucial 
role  in  ALE  growth  of  silicon  [3-5],  and  will  certainly 
be  important  in  diamond  ALE  processes  currently  be¬ 
ing  developed.  Despite  its  obvious  importance,  the  sur¬ 
face  chemistry  of  hydrogen  on  diamond  is  only 
beginning  to  be  understood.  Of  the  two  crystal  faces 
which  are  prevalent  in  CVD-grown  diamond  films,  the 
properties  of  the  clean  and  hydrogenated  (111)  face  are 
much  better  understood  than  those  of  the  (100)  face. 
However,  the  (100)  face  is  the  only  low-index  orienta¬ 
tion  where  the  actual  surface  of  CVD  films  resembles 
the  nominal  orientation  {i.e.  the  surface  is  smooth  on 
the  nanometer-to-micrometer  scale)  [6],  and  is  the  ori¬ 
entation  most  likely  to  be  useful  for  ALE.  Nominally 
clean  diamond  (100)  has  been  observed  to  have  a 
(2x1)  unit  cell  by  low  energy  electron  diffraction  [7]. 
By  analogy  to  the  well  studied  Si(lOO)  and  Ge(lOO) 
surfaces,  the  (2  x  1)  unit  cell  suggests  the  formation  of 
dimer  bonds  between  pairs  of  surface  carbon  atoms,  as 
illustrated  schematically  in  Fig.  1(a).  Hydrogen  atoms 
are  known  to  chemisorb  on  diamond  (100)  [8-11],  with 
either  a  (2  x  1)  [9,  10]  or  nominally  (1x1)  [9]  unit  cell. 
The  most  transparent  assignments  for  these  structures, 
by  analogy  to  the  better  studied  H/Si(  100)  system,  are  a 


Fig.  1.  Schematic  illustration  of  (a)  clean  diamond  (100)-(2  x  1),  (b) 
the  (100)-(2  X  1):H  monohydride  with  one  hydrogen  atom  per  sur¬ 
face  carbon  atom,  and  (c)  the  (lOO)-(l  x  1):2H  full  dihydride  with 
two  hydrogen  atoms  per  surface  carbon  atom. 
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(2  X  1):H  monohydride,  with  one  hydrogen  atom  per 
surface  carbon  atom  (Fig..  1(b))  and  a  (1  x  1):2H  dihy¬ 
dride,  with  two  hydrogen  atoms  per  surface  carbon 
atom  (Fig.  1(c))  respectively. 

Hamza  et  al  [9]  reported  temperature-programmed 
desporption  (TPD)  results  for  hydrogen  on  diamond 
(100),  with  the  peak  desorption  rate  occurring  at  a 
substrate  temperature  near  1200  K  at  low  initial  cover¬ 
age.  Based  on  their  observation,  by  electron-stimulated 
desorption,  of  the  continued  presence  of  surface  hydro¬ 
gen  even  after  annealing  to  1400  K  and  their  inability  to 
detect  unoccupied  surface  states,  Hamza  et  al  assigned 
the  TPD  peak  to  hydrogen  in  the  (1  x  1):2H  dihydride 
state  (Fig.  1(c))  desorbing,  leaving  hydrogen  in  the 
(2  X  1):H  monohydride  state  (Fig.  1(b)).  Several  as¬ 
pects  of  this  assignment  are  troubling,  however.  First, 
the  structural  similarity  of  diamond  and  silicon  surfaces 
suggests  that  the  behavior  of  hydrogen  on  the  two 
materials  will  be  qualitatively  similar  even  if  the  en¬ 
ergetics  are  different.  H2  desorbs  from  the  monohydride 
state  on  both  Si(lOO)  and  Si(lll)  near  800  K,  yielding 
the  clean  surface,  although  the  details  of  the  desorption 
kinetics  are  different  on  the  two  crystal  faces  [12].  On 
diamond  (HI),  the  monohydride,  with  a  (1  x  1)  near¬ 
ideal  bulk-terminated  structure  [13],  desorbs  upon  heat¬ 
ing  to  around  1200  K,  yielding  a  clean  surface  with  a 
(2  X  1)  unit  cell  [14-16].  The  similarities  in  the  desorp¬ 
tion  temperatures  of  H2  on  diamond  (100)  and  (HI) 
and  the  analogy  to  silicon  suggest,  therefore,  that  the 
observed  desorption  on  diamond  ( 1 00)  near  1 200  K  is 
taking  place  from  the  monohydride  rather  than  from 
the  dihydride.  A  second  difficulty  with  the  desorption 
assignment  is  that  steric  repulsion  between  hydrogen 
atoms  in  the  (1  x  1):2H  dihydride  should  be  extreme. 
The  corresponding  monohydride  and  dihydride  species 
on  Si(lOO)  have  a  substantial  literature  and  it  appears 
that  a  full  dihydride  can  only  be  formed  under  condi¬ 
tions  where  SiH3(a)  is  also  formed  and  some  etching 
takes  place,  and  that  steric  repulsion  between  the  hy¬ 
drogen  atoms  is  important  [17].  The  lattice  constant  of 
diamond  is  34%  smaller  than  that  of  silicon  and  hydro¬ 
gen-hydrogen  repulsion  will  be  even  more  important. 
If  the  hydrogen  atoms  on  diamond  (lx  1):2H  re¬ 
mained  in  their  ideal  sp^  positions,  the  distance  between 
neighboring  (non-bonded)  hydrogen  atoms  would  be 
only  0.71  A,  less  than  the  H-H  bond  length  in  H2!  If 
this  structure  exists,  therefore,  one  should  expect  rather 
dramatic  orientational  changes  in  the  C-H  bonds  in 
order  to  stabilize  the  surface.  Such  changes  will  cost 
energy,  perhaps  enough  to  make  the  (lx  1)  :2H  dihydride 
thermodynamically  unstable  with  respect  to  dehydro¬ 
genation  to  the  monohydride.  Indeed,  our  calculations 
[18],  along  with  recent  semi-empirical  calculations  [19], 
predict  that  the  (1  x  1):2H  full  dihydride  is  unstable, 
although  the  quantitative  reliability  of  the  calculations 


is  uncertain.  A  final  difficulty  with  the  assignment  by 
Hamza  et  al  [9]  is  that  in  subsequent  experiments, 
Thomas  et  al  [10]  also  observed  a  hydrogen  desorption 
peak  near  1200  K,  but  observed  (2x1)  diffraction  pat¬ 
terns  both  before  and  after  desorption.  The  latter  ob¬ 
servation  can  be  explained  by  a  substantial  activation 
barrier  for  hydrogen-atom  attack  on  the  C-C  dimer 
bond  in  the  monohydride  (Fig.  1(b))  [9c],  and  suggests, 
in  accord  with  the  argument  presented  above,  that  the 
desorption  peak  is  due  primarily  to  hydrogen  atoms  in 
the  monohydride  structure  and  that  the  diamond  sur¬ 
face  is  essentially  clean  following  desorption. 

Although  we  believe  that  the  (lx  1):2H  full  dihy¬ 
dride  is  not  important  in  diamond  CVD  under  typical 
growth  conditions,  dihydride  (CH2)  structures  with  hy¬ 
drogen  coverages  less  than  two  full  monolayers  are 
likely  to  be  important.  For  example,  a  (3  x  1)  structure 
may  be  generated  by  inserting  a  monohydride  dimer 
between  dihydride  units  at  a  hydrogen  coverage  of  1.33 
monolayers.  The  analogous  (3  x  1):1.33H  structure  on 
Si(lOO)  is  well  established  [17],  and  steric  repulsion  is 
nearly  eliminated. 

We  have  investigated  the  interaction  of  hydrogen 
with  diamond  (100)  by  TPD,  by  IR  spectroscopy,  and 
by  theoretical  molecular  mechanics  calculations.  IR 
spectroscopy  should  be  able  to  distinguish  readily  be¬ 
tween  different  forms  of  surface  hydrogen,  and  we 
believe  that  molecular  mechanics  is  very  useful  for 
predicting  the  structure  and  energetics  of  surface  species 
on  covalent  solids  such  as  diamond. 


2.  Experimental  details 

The  TPD  and  IR  spectroscopic  experiments  were 
performed  in  the  ultrahigh  vacuum  (UHV)  chamber 
shown  schematically  in  Fig.  2.  The  analysis  chamber  is 
pumped  via  a  liquid-N2 -trapped  diffusion  pump  and 
titanium  sublimation  pump  (base  pressure  approxi¬ 
mately  (1-2)  X  10“'®Torr),  and  is  equipped  with  a 
quadrupole  mass  spectrometer  (UTI  400C),  a  cylindri¬ 
cal  mirror  analyzer  for  Auger  electron  spectroscopy, 
homebuilt  LEED/ESDIAD  optics,  and  a  tungsten 
filament  used  for  atomic  hydrogen  dosing  [20,  21]. 

Separate  diamond  (100)  samples  were  used  in  the 
TPD  and  IR  experiments.  Type  la  diamond  (100)  sam¬ 
ples,  6.5  X  3.5  X  0.5  mm^  in  dimension  (DRI,  Inc.), 
were  used  in  the  TPD  experiments.  The  samples  were 
obtained  in  as-sawn  condition  and  were  polished  on  a 
high-speed  iron  scaife  with  diamond  powder  in  olive  oil 
[21].  Our  initial  TPD  experiments  utilized  a  tantalum 
foil  holder  and  heater  for  the  diamond,  but  this  proved 
to  be  unsatisfactory  as  atomic  hydrogen  dissolves  read¬ 
ily  in  bulk  tantalum  [22].  We  found  that  TPD  spectra 
taken  without  the  diamond  in  the  holder  were  indistin- 
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from  interferometer  to  detector 

Fig.  2.  Schematic  diagram  of  combination  CVD  reactor  and  UHV 
analysis  apparatus,  (a)  Side  view  of  apparatus,  with  analysis  chamber 
separated  from  the  reactor  cell  by  a  gate  valve:  LEED/ESDIAD,  optics 
for  low  energy  electron  diffraction  and  electron-stimulated  desorption 
ion  angular  distribution;  QMS,  quadrupole  mass  spectrometer;  AES, 
cylindrical  mirror  analyzer  for  Auger  electron  spectroscopy,  (b)  End 
view  of  reactor  cell,  showing  scheme  for  IR  multiple  internal  reflection 
spectroscopy.  Collimated  light  from  a  Fourier  transform  IR  spectrom¬ 
eter  is  focused  from  below  onto  a  beveled  edge  of  the  diamond  (100) 
crystal  sample  (S)  in  the  reactor  by  an  //I  off-axis  paraboloidal  mirror 
(M),  and  the  transmitted  light  is  collected  and  focused  onto  a  remote, 
liquid-nitrogen-cooled  narrow-band  HgCdTe  detector,  (c)  Schematic 
view  from  below  of  type  Ila  natural  diamond  (100)  internal  reflection 
element,  15  x  3  x  0.22  cm^  in  dimension.  The  IRE  has  a  (100)  orien¬ 
tation  on  the  large-area  faces,  and  the  end  faces  are  beveled  at  45°, 
providing  approximately  33  internal  reflections  from  each  long  face. 

guishable  from  data  taken  with  the  diamond,  implying 
that  most  of  the  desorbing  hydrogen  originated  from 
the  bulk  of  the  tantalum  foil.  (This  finding  is  in  agree¬ 
ment  with  Kubiak  and  coworkers,  who  later  concluded 
that  the  higher-coverage  TPD  results  reported  in  ref.  9 
were  spurious,  owing  to  desorption  from  the  tantalum 
support  [23].)  A  second  difficulty  with  the  foil  sample 
holder  scheme  is  that  accurate  sample  temperatures  are 
difficult  to  obtain.  Unlike  silicon,  diamond  is  transpar¬ 
ent  in  the  visible  and  well  into  the  IR  and  UV 


and  therefore  does  not  glow  at  temperatures  near 
1000  K,  and  so  optical  and  IR  pyrometry  cannot  be 
used  to  provide  a  temperature  correction. 

The  TPD  results  presented  below  were  obtained  using 
a  modified  sample  holder  scheme,  which  has  significant 
advantages  in  terms  of  reduced  outgassing  and  capability 
for  accurate  sample  temperature  calibration.  A  tungsten 
film,  0.5  pm  thick,  was  sputter  deposited  onto  the  back 
of  the  diamond  (100)  sample.  Hydrogen  desorbs  from 
tungsten  below  600  K  [24],  and  therefore  should  not 
interfere  with  the  desorption  signal  due  to  the  diamond. 
The  sample  was  held  at  each  end  between  two  sets  of 
tungsten  wire  clips,  0.254  mm  in  diameter,  which  in  turn 
were  electrically  isolated  and  attached  to  a  cooled  copper 
block.  A  pair  of  chromel-alumel  thermocouples  was 
placed  in  direct  contact  with  the  sample  underneath  one 
of  the  wire  clips.  The  sample  was  heated  by  passing 
current  between  the  pair  of  clips  through  the  tungsten  film 
on  the  back.  As  the  thermal  contact  between  the  tungsten 
film  and  the  sample  should  be  excellent,  the  temperature 
of  the  tungsten  should  reflect  accurately  that  of  the 
diamond,  even  if  the  thermocouple-derived  temperature 
is  in  error.  We  performed  careful  temperature  calibra¬ 
tions  by  optical  pyrometry  of  the  tungsten  film  viewed 
through  the  diamond.  As  the  emissivity  of  the  tungsten - 
diamond  interface  was  not  known,  we  prepared  a  second 
diamond  sample  with  a  tungsten  film  on  the  back  and 
placed  it  in  a  tubular  furnace  within  the  UHV  analysis 
chamber.  We  used  the  second  sample,  whose  temperature 
should  be  equal  to  that  of  the  furnace  (measured  with 
a  chromel-alumel  thermocouple),  to  calibrate  the  py¬ 
rometer  over  the  temperature  range  1000-1473  K  [21]. 
The  calibrated  pyrometer  was  then  used  to  measure  the 
temperature  of  the  first  diamond  sample  over  the  same 
range.  Near  temperatures  of  1000  K,  the  thermocouple 
pressed  against  the  sample  was  found  to  be  accurate  to 
within  10-20  K,  but  the  temperature  error  rose  to  140  K 
(with  the  thermocouple  reading  too  low)  at  a  sample 
temperature  of  1473  K.  We  estimate  that  the  corrected 
temperatures  are  accurate  to  within  about  ±25  K. 

Temperature  ramps  for  TPD  were  generated  using  a 
standard  d.c.  power  supply  controlled  by  a  commercial 
PID  temperature  controller  (Euro therm  818P)  inter¬ 
faced  to  an  IBM-AT-compatible  personal  computer. 
The  output  of  the  mass  spectrometer  was  digitized  by  a 
data  acquisition  board  in  the  same  computer,  allowing 
acquisition  of  TPD  or  residual  gas  analysis  data  [21].  A 
heating  rate  of  5Ks“^  was  used  in  the  TPD  experi¬ 
ments  reported  here. 

Diamond  cannot  be  sputtered  and  annealed  without 
extensive  graphitization  [7,  25],  but  several  groups  have 
shown  that  heating  a  freshly  polished  diamond  sample 
in  UHV  to  around  1300  K  desorbs  oxygen  and  generates 
a  clean  (except  possibly  for  hydrogen)  diamond  surface 
[7,  9,  14,  26,  27].  We  followed  this  procedure.  Freshly 
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polished  diamond  samples  were  rinsed  with  hydrogen 
peroxide,  trichloroethylene,  acetone,  and  ethanol  and 
placed  in  the  chamber,  which  was  then  evacuated  and 
baked  out.  The  samples  were  cleaned  in  situ  by  heating 
to  1400  K  in  UHV.  Atomic  hydrogen  exposures  were 
performed  by  backfilling  the  UHV  analysis  chamber  with 
H2  to  pressures  of  5x  10“^-5  x  10“^Torr  and  heating 
a  coiled  tungsten  filament  located  approximately  2  cm 
from  the  sample  to  1700-1800  K.  Because  of  the 
difficulty  in  calibrating  accurate  atomic  hydrogen  expo¬ 
sures  made  in  this  way,  we  simply  report  the  apparent 
exposures  to  molecular  hydrogen  as  Langmuirs  ( 1 L  = 
lO'^Torr  s),  without  an  ion  gauge  correction. 

We  performed  preliminary  IR  multiple-internal  reflec¬ 
tion  spectroscopy  (IMIRS)  [28,  29]  experiments  in  the 
reactor  cell  shown  in  Fig,  2(b).  IMIRS  is  a  high-sensitiv- 
ity  technique  for  obtaining  high-resolution  vibrational 
spectra  of  submonolayer  quantities  of  adsorbates  on 
substrates  which  are  transparent  in  the  IR.  IMIRS  takes 
advantage  of  the  phenomenon  of  total  internal  reflection 
to  gain  sensitivity  to  surface  vibrational  modes  by  using 
many  internal  reflections.  We  have  a  type  Ila  natural 
diamond  internal  reflection  element  (IRE),  15  x  3  x 
0.22  mm^  in  dimension,  with  a  (100)  orientation  on  the 
large-area  faces.  The  end  faces  of  the  IRE  are  beveled 
at  45°,  providing  approximately  33  internal  reflections 
from  each  long  face,  as  illustrated  schematically  in 
Fig.  2(c).  The  optical  coupling  scheme  is  shown  in  Fig. 
2(b).  Collimated  light  from  a  Fourier-transform  IR 
spectrometer  (Mattson  Cygnus  100)  is  focused  by  an 
oflf-axis  paraboloidal  mirror  through  a  differentially 
pumped  KBr  window  onto  one  bevelled  edge  of  the 
diamond  IRE.  Light  transmitted  through  the  opposite 
end  of  the  IRE  is  collected  and  focused  onto  a  detector 
(narrow-band  HgCdTe,  Graseby  Infrared)  by  two  addi¬ 
tional  off-axis  paraboloidal  mirrors. 

The  diamond  IRE  was  assumed  to  be  well  polished 
as  received  from  the  vendor,  and  was  placed  in  the 
reactor  cell  after  degreasing  with  acetone  and  ethanol. 
For  the  experiments  reported  here  the  IMIRS  sample 
was  heated  in  UHV  to  only  about  250°C  (the  tempera¬ 
ture  could  not  be  measured  accurately),  and  therefore 
the  surface  was  probably  partially  contaminated  by 
oxygen.  Exposures  of  the  diamond  (100)  IRE  to  atomic 
hydrogen  or  deuterium  were  made  by  backfilling  the 
reactor  cell  with  H2  or  D2  respectively,  at  pressures 
between  1  x  10“’  and  2  x  10"^  Torr  for  up  to  2  h,  and 
heating  a  tungsten  filament  located  approximately  1  cm 
from  the  sample  to  1700-1800  K. 


3.  Molecular  mechanics  calculations 

The  method  used  to  calculate  the  structures  and 
enthalpies  of  formation  of  clean  and  hydrogenated 


diamond  (100)  has  been  described  in  detail  previously 
[18].  The  third-generation  MM3  force  field,  with 
parameters  for  saturated,  unsaturated  and  conjugated 
hydrocarbons,  has  a  demonstrated  high  degree  of  accu¬ 
racy  (bond  lengths  approximately  ±0.01  A,  bond  an¬ 
gles  between  atoms  other  than  hydrogen  approximately 
±1°,  torsional  angles  approximately  ±4°,  heats  of 
formation  approximately  ±lkcalmol“‘)  for  small, 
large,  and  highly  strained  molecules  and  bulk  diamond 
as  well  [30,  31].  MM3  should  be  applicable  to  the 
description  of  saturated,  unsaturated,  and  conjugated 
hydrocarbon  species  on  any  crystal  face  of  diamond  as 
long  as  the  bond  lengths,  bond  angles,  and  distances 
between  non-bonded  atoms  are  within  the  range  of 
values  in  structures  for  which  MM3  has  demonstrated 
accuracy.  MM3  parameters  for  radicals  are  tentative 
[31],  making  calculations  with  open-shell  species  more 
uncertain,  and  MM3  cannot  describe  surface  species 
with  bonding  configurations  that  have  not  been 
parameterized  in  molecules.  (Although  MM2,  the  pre¬ 
decessor  to  MM3,  has  been  applied  successfully  to  alkyl 
radicals,  MM3  has  not  yet  been  parameterized  specifi¬ 
cally  for  radicals  [32].) 

Atomic  positions  were  determined  by  minimizing  an 
empirical  potential  energy  function,  the  so-called  steric 
energy  E  [30,  31],  subject  to  periodic  boundary  condi¬ 
tions  and  a  substrate  lattice  constant  fixed  at  the  value 
of  bulk  diamond  [18].  Enthalpies  of  formation  were 
calculated  by  adding  bond  enthalpies  func¬ 

tional-group  correction  terms  AFTgtruct  to  the  minimized 
steric  energy  for  various  surface  species. 


4.  Results  and  discussion 

TPD  results  for  H2  desorbing  from  diamond  ( 100)  are 
shown  in  Fig.  3.  For  the  reasons  discussed  above  and 
elsewhere  [18],  we  assign  the  TPD  peak  to  the  monohy¬ 
dride.  The  peak  desorption  rate  occurs  at  ^  1250  K, 
and  the  peak  has  the  asymmetric  shape  characteristic  of 
first-order  desorption.  Better  evidence  for  first-order 
desorption  may  be  derived  from  the  independence  of 
on  the  initial  surface  coverage  [33,  34].  However,  we 
have  not  yet  been  able  to  establish  the  dependence  of 
on  coverage  owing  to  poor  signal-to-noise  ratio.  The 
peak  temperature  (1250  K  with  a  heating  rate  of 
5  K  s“^)  agrees  reasonably  well  with  those  of  Hamza  et 
al  [9],  1200  K  at  low  coverage  (heating  rate  6  K  sec“^), 
and  of  Thomas  et  al,  [10],  around  1175- 1200  K. 
Thomas  et  al  [10]  used  a  heating  rate  of  20Ks“\ 
however;  at  5  K  s“^  their  peak  temperature  would  prob¬ 
ably  be  lower  by  about  50  K.  Assuming  a  pre-exponen¬ 
tial  factor  of  10*^  s“^  the  activation  energy  for 
desorption  may  be  estimated  from  our  data  as  approxi¬ 
mately  79.5  kcal  mol“^  [33].  A  calculated  TPD  spec- 
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Fig.  3.  Temperature-programmed  desorption  spectrum  of  H2  from 
diamond  (100),  prepared  with  a  720  L  nominal  dose  at  a  sample 

temperature  of  325  K:  - ,  smoothed  raw  data  (points),  the  rising 

signal  at  temperatures  above  1 320  K  is  due  to  desorption  from 

supports; - ,  calculated  desorption  trace  assuming  first-order 

desorption,  a  pre-exponential  factor  of  10^^s"\  and  an  activation 
energy  of  79.5  kcal  mol“^  The  heating  rate  was  5  K  s”'. 

trum,  assuming  first-order  desorption,  a  pre-exponen¬ 
tial  factor  of  10^^  s“^  and  an  activation  energy  of 
79.5  kcal  mol"^  is  also  plotted  in  Fig.  3.  The  semiquan- 
titative  agreement  in  the  measured  and  calculated  peak 
shapes  supports  our  assignment  of  first-order  desorp¬ 
tion  and  the  approximate  value  of  the  pre-exponential 
factor.  The  assignment  of  first-order  desorption  is  in 
agreement  with  Thomas  et  aL  [10b],  who  found  that 
was  essentially  coverage  independent.  The  “normal” 
value  of  the  pre-exponential  factor  for  hydrogen  des¬ 
orption  indicated  by  our  data  contrasts  with  the  results 
of  Hamza  et  al.  [9]  and  of  Thomas  et  al.  [10]  on 
diamond  (100)  and  of  Schulberg  et  al.  [35]  on  polycrys¬ 
talline  CVD-grown  diamond  films.  Each  of  these  au¬ 
thors  obtained  significantly  broader  TPD  peaks  than 
that  shown  in  Fig.  3,  implying  apparent  pre-exponential 
factors  in  the  range  3x10^  to  5xl0^s“^  [9,  35]. 
Differences  in  sample  preparation  may  be  responsible 
for  the  disparate  results,  as  desorption  from  steps  and 
defect  sites  might  occur  at  slightly  different  rates  and 
might  give  rise  to  anomalously  broad  TPD  peaks. 

Another  intriguing  feature  of  the  TPD  spectrum  is  an 
apparent  shoulder  near  1125K,  approximately  125  K 
below  Tp.  The  limited  signal-to-noise  ratio  makes  it 
impossible  to  determine  whether  this  is  a  true  shoulder, 
but  it  is  well  established  that  desorption  from  dihydride 
species  on  silicon  (SiH2  groups)  gives  rise  to  a  sec¬ 
ondary  TPD  peak  about  100  K  lower  in  temperature 
than  the  monohydride  (SiH)  peak  near  800  K  [17e,  36]. 
On  Ge(lOO),  hydrogen  adsorption  at  above  one  mono- 
layer  coverage  (implying  dihydride  formation)  gives  rise 
to  a  shoulder  about  40  K  below  the  monohydride  peak 


desorption  temperature  at  570  K  [37].  If  the  shoulder  in 
Fig.  3  is  real,  it  may  indicate  desorption  from  dihydride 
species,  by  analogy  to  the  behavior  of  hydrogen  on 
silicon  and  germanium. 

The  poor  signal-to-noise  ratio  in  Fig.  3  is  due  to 
background  hydrogen  desorption  from  supports,  de¬ 
spite  the  fact  that  hot  surface  areas  on  the  sample 
holder  were  kept  to  a  bare  minimum.  The  rising  back¬ 
ground  became  quite  significant  above  1200  K.  The 
background  can  be  partially  compensated  for  by  taking 
the  differences  between  TPD  spectra  obtained  after  and 
before  hydrogen  dosing,  and  this  was  done  with  the 
data  shown  in  Fig.  3.  However,  imperfect  cancellation 
is  responsible  for  the  sharp  rise  in  the  background 
above  1300  K.  A  satisfactory  solution  to  the  back¬ 
ground  desorption  problem  should  be  achievable  by 
adding  differential  pumping  to  the  mass  spectrometer. 

The  results  of  MM3  calculations  of  the  structures  of 
the  surface  species  illustrated  in  Fig.  1  are  summarized 
in  Fig.  4  [18].  The  structures  are  entirely  consistent  with 
the  qualitative  conclusions  which  might  be  drawn  from 
simple  bond  length  and  van  der  Waals  radius  consider¬ 
ations.  The  dimerized  surface  atoms  on  the  (2x1) 
clean  surface  (Figs.  1(a),  4(a))  are  linked  by  highly 
pyramidalized  double  bonds  with  a  bond  length  of 
1.46  A,  much  greater  than  the  typical  C=C  bond  length 
of  1.34  A  in  organic  molecules,  and  the  dihedral  angle 
between  the  dimer  bond  and  the  backbonds  to  the 
second-layer  atoms  is  nearly  60°,  far  from  the  ideal  sp^ 
planar  geometry.  The  strain  due  to  the  backbonds  also 
increases  the  C-C  single  bond  length  in  the  (2  x  1):H 
monohydride  structure  (Figs.  1(b),  4(b))  from  its  un¬ 
strained  value  of  1.54  A  to  1.63  A.  Finally,  the  extreme 
steric  repulsion  between  neighboring,  non-bonded  hy¬ 
drogen  atoms  in  the  (1  x  1):2H  full  dihydride  structure 
(Figs.  1(c),  4(c))  causes  a  reduction  in  the  H-C-H 
angle  and  twisting  by  some  26°  about  the  surface 
normal.  The  extreme  steric  repulsion  of  the  (lx  1):2H 
full  dihydride  is  eliminated  in  the  (3  x  1):1.33H  struc¬ 
ture  (Fig.  4(d)). 

The  energetic  predictions  of  the  MM3  calculations 
can  be  summarized  by  the  following  enthalpies  of  reac¬ 
tion  at  298  K,  expressed  with  respect  to  the  (2  x  1):H 
monohydride: 

C(100)-(2x  1):H - >C(100)-(2x  1)+H2 

Ai/298  =  4-46.7  kcal  mol~  ^  (1) 

C(IOO)  -(2  X  1):H4-H2 - >2C(100)  -(1  x  1):2H 

A/f298  =  +49.2  kcal  mol”^  (2) 

3C(  1 00)  - ( 2  X  1 )  :H  +  H2 - ^  2C(  1 00)  -  ( 3  x  1 ) :  1 .33H 

A/7298  =  — 15.6  kcal  mol"^  (3) 
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Top  view:  t^ll]  Side  view:  [100] 


C3  C4  C6 


Fig.  4.  Top  and  side  views  of  atomic  structures  of  clean  and  hydrogenated  diamond  (100)  surfaces:  (a)  (2  x  1);  (b)  (2  x  1):H;  (c)  (1  x  1):2H; 
(d)  (3  X  1):1.33H.  Bond  lengths  are  given  in  angstroms  O,  O,  and  o,  carbon  atoms  in  top,  second,  and  third  layers  respectively;  •,  hydrogen 
atoms. 

The  implication  of  the  positive  heat  of  reaction  for  bond  length  and  the  energetics  uncertain.  Similarly, 

eqn.  (2)  is  that  we  predict  that  the  (lx  1):2H  full  the  distance  between  non-bonded  hydrogen  atoms  in 

dihydride  is  indeed  thermodynamically  unstable,  as  the  the  (1  x  1):2H  full  dihydride  structure  is  substantially 

system  may  reduce  its  energy  by  49  kcalmol”^  by  des-  shorter  and  the  steric  repulsion  correspondingly  greater 

orption  of  H2,  producing  the  monohydride.  The  bond  than  that  in  any  known  molecule,  and  the  quantitative 

length  and  angle  strain  in  the  (2x1)  clean  surface  reliability  of  the  predicted  structure  and  energetics  is 

structure  exceeds  that  in  any  known  organic  com-  therefore  suspect.  Hydrocarbons  with  strain  compara- 

pounds,  making  the  reliability  of  both  the  predicted  ble  with  that  in  the  (2  x  1):H  monohydride  are  known, 


y.  L.  Yang  et  al  /  Hydrogen  on  diamond  (100) 


209 


however,  and  MM3  has  been  shown  to  be  quantita¬ 
tively  accurate,  and  so  this  surface  structure  should  be 
accurate. 

We  find  MM3  to  be  a  computationally  convenient 
yet  very  powerful  tool  for  calculating  the  structure  and 
energetics  of  surface  species  on  diamond.  The  method 
makes  the  clear  prediction  that  the  monohydride  is  the 
most  stable  species  and  that  which  is  likely  to  predomi¬ 
nate  under  typical  CVD  conditions.  However,  because 
the  amount  of  strain  and  steric  repulsion  which  is 
present  in  the  (2x1)  clean  and  (1  x  1):2H  structures 
on  diamond  (100)  considerably  exceeds  that  in  any 
molecules  for  which  the  (empirical)  MM3  method  has 
been  demonstrated  to  be  quantitatively  accurate,  com¬ 
parisons  of  our  results  with  predictions  of  high  level 
quantum  chemical  calculations  are  needed. 

An  IMIRS  spectrum  of  diamond  (100)  following  an 
exposure  to  atomic  deuterium  at  a  sample  temperature 
of  about  500  K  is  shown  in  Fig.  5.  A  peak  observed  at 
a  frequency  of  901  cm”^  is  assigned  to  a  C-D  deforma¬ 
tion  mode.  This  assignment  is  based  on  the  similarity  of 
the  frequency  of  the  surface  vibrational  mode  to  CC-D 
bending  modes  of  901  and  918  cm"’  in  adamantane-^/j^ 
[38]  and  (CD3)3C-D  [39]  respectively.  The  peak  has  a 
full  width  at  half-maximum  of  approximately  20  cm"’, 
comparable  with  that  seen  for  the  C-H  stretching  mode 
on  diamond  (111)  [40]  and  the  Si-H  stretching  mode 
on  flat  Si(lOO)  [28(c)].  The  linewidth  for  hydrogen  on 


flat  Si(lOO)  was  overwhelmingly  due  to  inhomogeneous 
broadening  [28(c)],  which  is  almost  certainly  also  the 
source  of  the  linewidth  seen  here.  The  diamond  (100) 
IRE  sample  was  “as-polished”  when  inserted  in  the 
chamber,  with  a  standard  roughness  quoted  by  the 
vendor  as  40  nm.  We  recently  observed,  by  atomic  force 
microscopy,  that  an  as-polished  diamond  (111)  sample 
had  a  high  density  of  ridges  and  scratches  from  the 
polishing,  with  most  of  the  features  5-10  nm  in  height 
[6b].  If,  as  seems  likely,  similar  features  were  present  on 
our  (100) -oriented  IRE,  they  probably  would  not  have 
been  removed  by  a  mild  anneal  and  could  easily  ac¬ 
count  for  the  IR  linewidth.  Several  other  IR  peaks  have 
beeii  observed,  including  features  that  may  be  associ¬ 
ated  with  CH  species.  However,  we  have  found  that 
trace  amounts  of  hydrocarbon  impurities  are  present  in 
the  IR  detector  and  that  miscancellation  between  back¬ 
ground  and  sample  scans  can  lead  to  spurious  CH 
peaks,  and  we  have  not  yet  been  able  to  distinguish 
unambiguously  the  surface  peaks  from  the  detector 
(spurious)  peaks. 

Our  preliminary  IMIRS  results  show  evidence  for  the 
monohydride,  whose  bending  frequency  has  been  ob¬ 
served  here  for  the  first  time.  The  closeness  of  the  peak 
frequency  (901  cm"’)  to  that  of  molecular  analogs  sug¬ 
gests  that  little,  if  any,  strain  is  present,  which  is  consis¬ 
tent  with  the  hydrogen  being  present  in  the  (2  x  1):H 
structure  (Figs.  1(a),  4(a)).  The  apparent  dominance  of 
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Fig.  5.  Infrared  multiple  internal  reflection  spectrum,  taken  at  4  cm  ‘  resolution  with  1024  scans,  of  CD  species  on  diamond  (100).  Deuterated 
surface  was  prepared  with  a  7200  L  nominal  dose  of  a  hydrogenated  surface  at  a  sample  temperature  of  500  K. 
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the  monohydride  over  dihydride-derived  IR  features  is 
consistent  with  the  monohydride  being  the  more  stable 
species,  as  predicted  by  MM3.  We  hope  to  improve  the 
signal-to-noise  ratio  by  modifying  the  sample  holder  so 
as  to  allow  adsorption  on  both  front  and  back  faces 
and  by  growing  an  ultraflat  CVD  diamond  film  on  the 
IRE  [6].  We  plan  to  determine  the  thermal  stability  of 
the  monohydride  CH  mode  and  will  try  to  identify 
conditions  under  which  CH2  species  can  be  formed. 
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Abstract 

A  novel  method  for  chemical  vapor  deposition  and  atomic  layer  epitaxy  using  radical  precursors  under  medium 
vacuum  conditions  is  being  developed.  Fluorine  atoms  are  generated  by  thermal  dissociation  in  a  hot  tube  and 
abstract  hydrogen  atoms  from  precursor  molecules  injected  immediately  downstream  of  the  source,  generating 
radicals  with  complete  chemical  specificity.  The  radical  precursors  are  then  transported  to  the  growing  substrate 
surface  under  nearly  collision-free  conditions.  To  date  we  have  grown  diamond  films  from  CCI3  radicals  together 
with  atomic  hydrogen,  generated  by  injecting  CHCI3  and  H2  into  the  fluorine  atom  stream  at  reactor  pressures 
between  10“^  and  10"^Torr.  This  approach  should  be  ideal  for  low-temperature  growth  and  atomic  layer  epitaxy: 
growth  rates  remain  relatively  high  because  activation  energies  for  radical  reactions  are  typically  small  and  because 
the  cycle  times  for  atomic  layer  epitaxy  can  be  reduced  to  the  millisecond  range  by  fast  ps-stream  switching,  and 
contamination  and  segregation  are  minimized  by  keeping  the  surface  “capped”  by  chemisorbed  intermediates  and 
working  under  ultraclean  conditions. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  is  a  powerful  technique 
for  growing  semiconductor  materials  one  atomic  layer 
at  a  time  [1].  Relative  to  more  conventional  growth 
methods,  ALE  possesses  several  distinct  advantages 
which  are  likely  to  be  critical  to  development  of  the 
next  generation  of  electronic  devices:  (i)  the  digital 
nature  of  the  process,  i.e.  growth  of  a  well  defined 
number  of  monolayers,  offering  the  ultimate  in  control 
of  film  thickness;  (ii)  the  uniformity  of  growth  on 
large-area  substrates,  since  each  reaction  cycle  runs  to 
completion  regardless  of  deviations  in  reactant  fluxes; 
(iii)  intrinsic  capability  for  atomically  abrupt  heteroepi- 
taxial  interfaces.  In  addition,  ALE  processes  are  nor¬ 
mally  carried  out  at  lower  temperatures  than  the 
corresponding  chemical  vapor  deposition  (CVD)  pro¬ 
cess,  again  allowing  smaller  and  more  sharply  defined 
circuit  elements  to  be  fabricated. 

Originally  developed  for  growth  of  II-VI  materials, 
ALE  has  been  widely  applied  to  growth  of  GaAs  and 
other  III-V  semiconductors  [1].  However,  ALE  is  still 
in  its  infancy  for  Group  IV  semiconductors.  Nishizawa 
et  al  [2]  demonstrated  ALE  with  a  growth  rate  of  one 
monolayer  per  cycle  using  alternating  fluxes  of  SiH2  CI2 
and  H2  at  temperatures  near  825  °C.  Lubben  et  al.  [3] 
obtained  a  growth  rate  of  0.4  monolayers  per  cycle 
from  a  process  involving  alternating  Si2H6  doses  and 
UV  laser  pulses  at  substrate  temperatures  of  180- 
400  °C,  and  Imai  et  al.  [4]  obtained  a  growth  rate  of  0.8 


monolayers  per  cycle  by  adsorbing  Si3H8  at  tempera¬ 
tures  between  50  and  380  '"C  and  desorbing  surface 
hydrogen  at  temperatures  above  520  °C.  Preliminary 
accounts  of  ALE  on  germanium  [5]  and  diamond  [6]  as 
well  as  on  silicon  [7]  have  also  been  reported. 

Radical  chemistry  would  be  ideal  for  ALE  but  has 
not  yet  been  applied  to  any  ALE  process.  Dichlorosi- 
lane  is  not  highly  reactive,  thus  necessitating  high 
growth  temperatures  [2].  Disilane  and  trisilane  are  more 
reactive  than  dichlorosilane  but  not  as  reactive  as  radi¬ 
cals,  and  adsorption  saturates  at  coverages  considerably 
below  one  monolayer  [3,  4].  The  attainment  of  low 
growth  temperatures  is  a  central  goal  of  current  re¬ 
search— interdiffusion  is  greatly  reduced,  which  is  es¬ 
sential  in  fabricating  circuit  elements  smaller  than 
0. 1  pm,  and  the  effects  of  differential  thermal  expansion 
coefficients  in  complex  layered  materials  are  minimized. 
However,  the  use  of  low  temperatures  introduces  strin¬ 
gent  demands  on  the  cleanliness  of  the  process.  A 
process  that  involves  creating  a  clean  surface  for  ad¬ 
sorption,  e.g.  of  Si2H6,  will  be  very  susceptible  to 
contamination,  and  segregation,  interdiffusion,  and 
three-dimensional  island  formation  in  Ge^.Sij^^.  het¬ 
erostructures  all  occur  more  readily  on  clean  than  on 
covered  surfaces  [8,  9].  While  there  is  evidence  that 
Si2H6  can  react  with  hydrogenated  silicon  surfaces  at 
substrate  temperatures  above  400  °C  [10-12],  growth  at 
these  temperatures  appears  not  to  be  self-terminating. 
An  ideal  ALE  growth  process  would  take  place  at  low 
temperature  and  keep  the  surface  covered  by  protective 
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groups  during  the  process  so  as  to  minimize  contamina¬ 
tion  and  segregation.  Radical  reactants  can  create  their 
own  surface  “site”  by  abstracting  adsorbed  atoms  which 
stabilize  and  protect  the  substrate  lattice  from  less 
reactive  species  {e.g,  contaminants).  Radicals  thus  are 
conducive  to  low-temperature  growth,  as  creation  of 
vacant  sites  by  thermal  desorption  is  not  necessary,  and 
simultaneously  provide  an  elegant  solution  to  the  con¬ 
tamination  and  segregation  problem,  i.e.  capped  surfaces. 
Another  advantage  of  radical  precursors  is  that  once 
adsorbed,  radicals  are  much  more  likely  to  decompose 
(yielding  growth)  than  simply  desorb  (yielding  nothing). 
This  preference  for  decomposition  over  desorption  is  the 
most  likely  reason  why  CH3  is  a  more  effective  growth 
precursor  for  diamond  than  C2H2  [13-16]. 

Performing  growth  from  radical  precursors  in  a  high 
vacuum  environment  offers  several  additional  advan¬ 
tages.  Gas-phase  collisions  subsequent  to  radical  forma¬ 
tion  can  be  minimized,  enabling  the  creation  of  very 
specific  radicals.  Two  mechanistic  advantages  are  that 
the  identity  of  the  reactant  species  responsible  for 
growth  is  easy  to  determine,  and  surface  analytical 
techniques  can  be  more  readily  applied  in  order  to 
understand  the  surface  chemistry.  Control  of  contamina¬ 
tion  is  facilitated  by  an  ultraclean,  ultrahigh  vacuum 
compatible  environment.  Finally,  in  a  high  vacuum 
environment  ALE  reaction  cycle  times  associated  with 
switching  gases  can  in  principle  be  reduced  to  the 
millisecond  time  scale,  allowing  for  substantial  growth 
rates,  which  is  very  important  if  group  IV  ALE  is  to 
become  a  commercially  significant  process. 

As  a  general  growth  technique,  remote  plasma-en¬ 
hanced  CVD  (RPCVD)  [17,  18]  comes  close  to  the  ideal, 
as  it  generates  reactive  species  without  allowing  the 
plasma  to  damage  the  sample  by  direct  contact.  How¬ 
ever,  RPCVD  does  not  selectively  produce  reactive 
radicals — interaction  of  excited  atoms,  ions  and  elec¬ 
trons  with  the  molecular  growth  precursor  {e.g.  SiH4) 
can  generate  a  variety  of  reactive  species.  For  ALE,  the 
difficulty  is  that  two  reactive  species  are  produced  from 
each  molecular  precursor,  e,g,  SiH3  -h  H,  which  compli¬ 
cates  and  may  prevent  growth  reactions  from  being 
self-limiting  and  reduces  the  flexibility  of  the  process. 
Better  would  be  a  process  where  well  defined  radical 
species  are  produced  without  side  reactions. 

We  are  developing  a  new  ALE  method  for  epitaxial 
growth  of  diamond,  silicon,  and  germanium,  using  gas 
phase  radicals  under  high  vacuum  conditions  (effective 
pressure  above  the  substrate  up  to  0.1  Torr,  background 
pressure  less  than  10"^  Torr).  Considerations  affecting 
the  choice  of  radical  precursors  and  the  apparatus  and 
radical  generation  scheme  are  described  in  the  next  two 
sections.  Preliminary  results  on  radical  generation  and 
film  growth  of  diamond  are  presented  next,  followed  by 
a  discussion. 


2.  Radical  growth  chemistry 

For  ALE,  the  radical  growth  precursor  should  not  be 
too  reactive,  or  else  the  reaction  will  not  be  self-termi¬ 
nating.  In  the  context  of  diamond  or  silicon  ALE,  for 
example,  carbenes  and  silylenes  (CX2  or  SiX2,  X-H,  F, 
Cl,  etc.)  are  too  reactive  to  be  useful.  These  species  will 
readily  insert  into  C-H  or  Si-H  bonds,  producing 
CX2H  or  SiX2H,  which  in  turn  can  undergo  another 
insertion  reaction.  In  addition,  a  less  reactive  radical 
will  yield  better  selectivity,  e.g.  the  rate  of  reaction  with 
tertiary  hydrogen  atoms  will  be  much  greater  than  the 
rate  with  secondary  hydrogen  atoms. 

Monovalent  radicals  would  seem  to  be  ideal  for 
sticking  to  dangling  bonds  on  Group  IV  semiconductor 
surfaces.  What  types  of  radicals  are  well  suited  for  ALE 
processes?  Consider  the  growth  step  in  a  general,  ALE- 
type  radical-surface  growth  process,  where  A=C,  Si,  or 
Ge,  and  X  and  Y  represent  arbitrary  functional  groups: 

A-Y(s)  +-AX3(g) - >  A-<s)  +  AYX3(g)  (1) 

A-<s)  +  ■AX3(g) - >  A-AX3(s)  (2) 

A  surface  Y  group  is  abstracted  by  an  AX3  radical;  a 
second  AX3  radical  then  adsorbs  on  the  resulting  dan¬ 
gling  bond  site.  For  reactions  (1)  and  (2)  to  be  self-ter¬ 
minating,  the  reaction  of  AX3(g)  with  A-Y(s)  must  be 
faster  than  the  reaction  with  A-X(s): 

A-AX3(s)  -h  'AX3(g) - ^  no  reaction  (3) 

Abstraction  of  hydrogen  atoms  is  much  more  facile 
than  abstraction  of  halogen  atoms,  for  both  alkyl  [19] 
and  silyl  radicals  [20].  Thus,  the  most  natural  choice  is 
Y=H,  X-halogen.  As  an  example,  alternating  cycles  of 
CCI3  and  H  are  likely  to  be  a  good  choice  for  ALE  of 
diamond,  as  self-termination  should  occur  naturally. 
The  reaction  of  CCI3  with  a  hydrogenated  diamond 
surface  will  self-terminate  because  the  activation  energy 
for  abstraction  of  H  by  CCI3  is  lower  by  at  least 
15  kcal  mol“'  than  the  activation  energy  for  abstraction 
of  Cl  [19].  In  contrast,  the  activation  energies  for 
abstraction  of  Cl  and  primary  hydrogen  by  CH3  are 
nearly  the  same  [19],  so  that  the  reaction  of  methyl 
radicals  with  a  chlorinated  diamond  surface  is  unlikely 
to  self-terminate  and  cycles  of  CH3  and  Cl  are  a  poor 
choice  for  diamond  ALE. 

To  complete  the  ALE  cycle,  a  hydrogenated  surface 
can  be  regenerated  from  the  halogen-terminated  surface 
(produced  by  adsorption  of  AX3)  by  abstraction  and 
recombination  reactions  with  atomic  hydrogen: 

A-AX,(s)  +  H(g) - .  A-H,-  +  HX(g)  (4) 

where  uncertainty  in  the  actual  stoichiometry  in  the 
surface  species  is  indicated  by  the  x  subscript  (x  =  1,  2, 
or  3)  and  stoichiometric  coefficients  are  omitted  from 
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Fig.  1 .  Schematic  representation  of  radical  ALE  growth  chemistry.  In 
the  first  “growth”  portion  of  the  ALE  cycle,  trihalo  (or  dihalo) 
radicals  (A=C  or  Si)  impinge  on  a  hydrogen  terminated  surface, 
abstracting  hydrogen  atoms  and  creating  vacant  surface  sites.  Radi¬ 
cals  then  quickly  adsorb  on  the  vacant  site.  When  the  surface 
becomes  halogen  terminated  the  reaction  stops,  since  abstraction 
rates  of  halogen  atoms  are  much  lower  than  those  of  hydrogen  atoms. 
In  the  “cleaning”  or  “reactivation”  portion  of  the  cycle,  hydrogen 
atoms  abstract  surface  halogen  atoms  and  then  stick  to  the  vacant 
surface  sites,  regenerating  the  hydrogen-terminated  surface  which  has 
been  augmented  by  one  monolayer.  This  illustration  is  oversimplified, 
as  a  full  monolayer  of  trihalide  species  will  not  fit  on  either  Si(lOO)  or 
diamond  (100)  surfaces — rearrangements  and/or  desorption  of  HX 
must  take  place. 


seems  clear  that  a  full  monolayer  of  ACI2  groups  will 
not  fit  on  either  diamond  or  silicon,  and  the  saturation 
coverage  of  ACI3  would  be  even  smaller. 

Two  possible  resolutions  of  the  saturation  coverage 
question  are  envisaged.  The  first  is  that  under  growth 
conditions,  the  adsorbed  AX3  groups  will  probably  not 
remain  intact.  For  example,  SiH3  groups  on  Si(lOO) 
decompose  to  SiH2  +  H  [25,  26]  at  temperatures  be¬ 
tween  200  and  600  K,  depending  on  the  surface  hydro¬ 
gen  coverage  [26].  A  second  possibility  is  that  some  of 
the  surface  halogen  atoms  will  react  with  surface  hydro¬ 
gen  and  desorb  as  HX,  and  the  relatively  favorable 
kinetics  of  dehydrohalogenation  reactions  served  as  an 
additional  motivation  for  choosing  halogen-hydrogen 
chemistry  for  the  ALE  growth  chemistry.  Reaction  of  X 
atoms  might  take  place  with  preadsorbed  hydrogen  left 
over  from  the  last  hydrogenating  cycle,  or  alternatively 
could  be  present  in  the  precursor  (i.e.  AHX2  could  be 
used  rather  than  AX3). 


3.  Experimental  details 


the  equation.  We  have  opted  to  use  hydrogen  atoms 
because  H  abstracts  halogen  atoms  from  carbon  much 
better  than  do  carbon-centered  radicals  [19].  Recent 
work  by  Yates  and  coworkers  has  shown  that  abstrac¬ 
tion  of  Cl,  Br,  and  I  from  Si(lOO)  by  atomic  hydrogen 
is  quite  facile,  with  activation  energies  less  than  or 
equal  to  2kcalmol"^  [21].  On  silicon,  SiH3  is  also  an 
excellent  halogen  abstractor,  and  alternating  cycles  of 
SiCl3  and  SiH3  might  yield  a  good  ALE  process. 

To  summarize,  in  our  proposed  ALE  sequence  a 
trihalo  radical  (AX3)  reacts  with  a  hydrogenated  sur¬ 
face  (A-H^.),  first  by  abstraction  of  surface  hydrogen 
and  then  by  recombination  with  the  vacant  site,  to  yield 
a  halogenated  substrate  which  has  been  augmented  by 
one  monolayer  (or  perhaps  a  fraction  of  a  monolayer). 
Atomic  hydrogen  is  then  allowed  to  react  with  the 
halogenated  surface,  regenerating  a  hydrogenated  sur¬ 
face.  This  is  illustrated  schematically  in  Fig.  1. 

The  uncertainty  in  the  stoichiometry  of  the  self-termi¬ 
nated  surface  adlayer  (A-AX.,.)  in  eqn.  (4)  reflects  an 
uncertainty  in  the  saturation  coverage  of  this  species 
and,  consequently,  in  the  number  of  monolayers  per 
cycle  that  would  result  from  this  sequence.  Neglected  in 
eqn.  (2)  is  the  fact  that  steric  repulsion  will  prevent 
formation  of  a  complete  monolayer  of  A-AX3.  Forma¬ 
tion  of  a  full  (1  X  1):2H  dihydride  surface  (i.e.  AH2), 
on  Si(lOO)  has  until  recently  been  controversial  [22] 
(observation  of  a  (1  x  1)  diffraction  pattern  does  not 
prove  that  a  full  dihydride  has  formed),  and  on  dia¬ 
mond  (100)  the  dihydride  appears  to  be  too  sterically 
hindered  to  form  under  growth  conditions  [23,  24]. 
Given  the  much  larger  covalent  radius  for  Cl  than  H,  it 


Our  radical  CVD -ALE  reactor,  which  has  concep¬ 
tual  similarities  to  a  remote-plasma-enhanced  CVD  re¬ 
actor  but  uses  thermally  dissociated  fluorine  instead  of 
discharge-excited  helium  or  argon  and  has  an  ultrahigh- 
vacuum-compatible,  corrosive-service  turbomolecular 
pump  which  can  handle  a  heavy  load  of  corrosive  gases, 
is  illustrated  schematically  in  Fig.  2.  The  turbomolecu¬ 
lar  pump  is  backed  by  an  integral  molecular  drag  stage 
and  by  an  oil-free  diaphragm  pump.  F2  or  XeF2  is 
injected  into  an  MgO  tube  which  is  wrapped  by  nickel 
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Fig.  2.  Schematic  diagram  of  ultrahigh-vacuum-compatible  radical 
ALE  growth  apparatus.  Precursor  molecules  are  injected  into  a 
stream  of  fluorine  atoms  generated  by  thermal  dissociation  in  an 
MgO  tube  wrapped  by  resistively  heated  nickel  foil,  producing  radi¬ 
cals  and  HF.  The  radicals  are  then  transported  to  the  substrate  under 
nearly  collision-free  conditions. 
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foil.  The  nickel  foil  acts  as  a  furnace  for  the  MgO  tube 
and  is  resistively  heated  to  a  temperature  of  700- 
800  °C,  yielding  fluorine  dissociation  in  the  range  96%- 
98%  at  a  pressure  of  approximately  1  Torr  [27]. 
Undissociated  F2  should  be  able  to  react  with  the 
radicals  produced  by  H  abstraction  [28].  MgO  is  chosen 
as  the  wall  material  because  MgF2,  which  will  form  on 
the  inside  wall  of  the  tube,  is  among  the  least  volatile  of 
all  the  fluorides  (lower  than  NiF2,  for  example),  with  a 
vapor  pressure  of  10“^- 10“^  Torr  in  this  temperature 
range.  The  principal  advantages  of  a  thermal  source 
relative  to  a  discharge  source  are  simplicity,  low  cost, 
and  flexibility  in  the  choice  of  gas  pressures  and  flow 
rates  (maintenance  of  a  plasma  discharge  requires  a 
substantial  pressure  and  flow  rate).  For  a  scaled-up 
reactor,  a  plasma  fluorine  atom  source  would  probably 
be  preferable.  The  fluorine  atoms  abstract  hydrogen 
atoms  quantitatively  from  precursor  molecules  injected 
in  excess  downstream  from  the  fluorine  source  where 
the  gas  density  is  high  enough  for  collisions.  The  ex¬ 
treme  reactivity  of  fluorine  atoms  toward  hydrogen 
drives  the  reaction  to  completion,  producing  HF 
(135  kcalmoU’  bond  energy),  which  is  non-reactive  to 
hydrogen-terminated  diamond,  silicon,  and  germanium 
in  the  absence  of  water.  The  radicals  (and  HF)  formed 
downstream  of  the  fluorine-atom  source  flow  under 
nearly  collision-free  conditions  to  the  substrate.  Fluo¬ 
rine-atom-based  secondary  generation  of  radicals  has 
been  used  to  etch  semiconductor  substrates  (at  rates  up 
to  1000  A  min“’)  [28]  but  is  being  applied  to  growth  for 
the  first  time  in  the  present  work. 

The  gas  handling  system  is  constructed  of  stainless 
steel  tubing  and  fittings,  with  most  of  the  joints  made 
with  Cajon  VCR  fittings.  The  flow  rates  of  reactant 
gases  are  controlled  with  piezoelectric  valves,  which 
have  rapid  switching  times  and  hence  will  be  well  suited 
to  ALE,  and  are  monitored  by  mass  flowmeters. 

Our  initial  film  growth  efforts  have  focused  on  dia¬ 
mond.  Since  only  a  handful  of  groups  have  successfully 
demonstrated  diamond  film  growth  at  pressures  less 
than  1  Torr  [29],  we  felt  it  essential  to  demonstrate 
growth  by  CVD  (continuous  reactant  fluxes)  before 
attempting  ALE.  Preliminary  results  were  obtained  us¬ 
ing  mixtures  of  H2  and  CHCI3  as  precursor  gases.  The 
reagents  F2  (Air  Products,  97%),  CHCI3  (Aldrich, 
99.9%),  and  H2  (Air  Products,  99.9995%)  were  used 
without  further  purification.  The  CHCI3  was  carefully 
outgassed  before  use  by  numerous  freeze -evacuate - 
thaw  cycles.  Typical  flow  rates  were  1-1.5  standard 
cm^min“'  F2,  4-6  standard  cm^min"’  H2,  and  2-6 
standard  cm^  min“'  CHCI3.  The  chamber  pressure  rose 
to  10“^~10“^Torr  during  growth. 

The  substrates  were  type  2 A,  (100) -oriented  natural 
diamond  windows,  3.0  x  3.0  x  0.22  mm^  in  dimension, 
purchased  from  Dubbeldee  Harris.  Two  different  sub¬ 


strate  holding-heating  schemes  were  employed.  The 
first  used  0.025  mm  thick  platinum  foil,  heated  resis¬ 
tively,  as  both  holder  and  heater.  The  sample  tempera¬ 
ture  was  measured  by  a  chromel-alumel  thermocouple 
spot-welded  to  the  foil  immediately  adjacent  to  the 
sample.  The  second  sample  holder  consisted  of  two 
graphite  rods,  1.6  mm  in  diameter,  with  the  sample  held 
between  them  in  slots  machined  in  the  sides  of  the  rods. 
The  thermocouple  was  embedded  in  one  of  the  graphite 
rods.  The  latter  scheme  has  the  advantage  of  pro¬ 
viding  a  rigid  sample  support,  which  is  very  helpful 
for  thickness  measurements.  The  samples  were  held  at 
850-950  °C  during  the  growth  experiments. 

Films  were  characterized  by  Raman  spectroscopy, 
scanning  electron  microscopy,  and  electron-beam  mi¬ 
croprobe.  Film  thicknesses  were  determined  by  measur¬ 
ing  the  total  thickness  of  the  diamond  (100)  substrates 
before  and  after  growth  from  the  fringe  pattern  in 
Fourier  transform  IR  transmission  spectra  [14b], 


4.  Results 

Our  initial  tests  of  the  radical  source  focused  on 
demonstration  of  radical  production.  Mass  spectra  of 
CHCI3  and  of  CCI3  produced  by  hydrogen  abstraction 
by  atomic  fluorine  are  shown  in  Fig.  3.  Mass  spec¬ 
trometry  of  chlorohydrocarbons  is  complicated  by  the 
existence  of  both  35  and  37  amu  isotopes  of  chlorine 
and  by  electron-impact-induced  loss  of  hydrogen.  The 
latter  can  be  eliminated  by  reducing  the  electron  energy 
in  the  ionizer  to  just  above  the  ionization  threshold. 
The  spectra  shown  in  Fig.  3  were  obtained  at  an 
electron  energy  of  15.9  eV,  which  was  found  to  be 


Fig.  3.  Threshold  ionization  mass  spectra  of  (a)  CHCI3  only,  (b) 
CHCI3  injected  into  a  stream  of  F2  (MgO  tube  at  room  temperature), 
and  (c)  CHCI3  injected  into  a  stream  of  fluorine  atoms  (MgO  tube  at 
750  °C).  The  mass  spectra  were  obtained  at  an  electron  energy  of 
15.9  eV. 
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sufficiently  low  to  suppress  the  hydrogen-loss  mass 
peaks.  The  mass  spectrum  of  CHCI3  injected  alone 
(Fig.  3(a))  shows  prominent  peaks  at  mje  =  118,  120, 
and  122,  with  a  minor  peak  at  124  amu,  corresponding 
to  the  parent  ions.  The  observed  intensity  ratios  corre¬ 
spond  well  to  that  expected  from  the  approximately  3:1 
^^Cl-to-^^Cl  natural  isotopic  abundance  ratio.  After 
heating  the  MgO  tube  furnace  to  750  °C  and  injecting 
F2  into  it,  the  mass  spectrum  shown  in  Fig.  3(c)  was 
obtained.  Small  peaks  at  mje  =  117,  119,  and  121  amu 
are  visible,  corresponding  to  CCI3  radicals.  The  inten¬ 
sity  ratios  of  the  mje  =  117,  119,  and  121  peaks  are  in 
good  agreement  with  the  expected  ratios  of  3:3:1.  In 
order  to  eliminate  chemistry  in  the  ion  source  of  the 
mass  spectrometer  as  a  spurious  source  of  the  radical 
mass  peaks,  spectra  were  also  obtained  during  injection 
of  CHCI3  and  F2  with  the  MgO  tube  held  at  room 
temperature.  A  typical  result  is  shown  in  Fig.  3(b).  The 
absence  of  peaks  corresponding  to  loss  of  a  hydrogen 
atom  in  Fig.  3(b)  indicates  that  the  radical  peaks  seen 
in  Fig.  3(c)  are  not  simply  the  result  of  reaction  of  F2 
and  CHCI3  in  the  ion  source. 

The  low  signal-to-noise  ratio  in  Fig.  3  is  the  result  of 
the  low  electron  energy,  together  with  the  fact  that  a 
single  stage  of  differential  pumping  is  insufficient  to 
discriminate  properly  against  background  gases — con¬ 
siderable  recombination  of  the  CCI3  radicals  takes  place 
within  both  the  reactor  and  the  mass  spectrometer 
chamber.  Operation  of  the  mass  spectrometer  in  a 
partial  pressure  of  F2  causes  even  further  degradation 
of  the  signal  level,  which  is  responsible  for  the  lower 
signal-to-noise  ratio  in  Fig.  3(b),  and  prolonged  expo¬ 
sure  to  F2  burns  out  the  filaments.  Normal  operation  of 
the  radical  source  quantitatively  converts  the  fluorine  to 
HF,  which  is  much  less  reactive. 

To  date  the  best  evidence  we  have  obtained  for 
diamond  growth  using  the  new  method  is  a  film  grown 
using  CHCI3  as  the  precursor  which  increased  in  thick¬ 
ness  by  0.9  pm  in  12  h,  corresponding  to  a  modest 
growth  rate  of  0.08  pm  h~k  We  conservatively  estimate 
the  uncertainty  in  the  thickness  measurements  to  be 
+  0.2-0.5  pm,  so  the  thickness  increase  appears  to  be 
real.  A  scanning  electron  micrograph  of  this  film  is 
shown  in  Fig.  4,  and  a  Raman  spectrum  obtained  after 
growth  is  shown  in  Fig.  5.  The  micrograph  also  sug¬ 
gests  that  growth  has  occurred:  the  linear  features 
arranged  by  90°  with  respect  to  one  another  on  the 
left-hand  portion  of  the  image  are  highly  suggestive  of 
ledge  features  arising  from  growth,  as  the  (100)  sub¬ 
strate  has  square  symmetry,  steps  and/or  ledges  along 
[Oil]  and  [OTl]  are  commonly  observed  in  [100] -ori¬ 
ented  epitaxy,  the  as-polished  substrate  had  no  such 
features  originally,  and  etching  under  high  vacuum 
conditions  normally  roughens  surfaces  rather  than  cre¬ 
ating  regular  features.  Deposits  of  metal  fluorides 


Fig.  4.  Scanning  electron  micrograph  of  a  0.9-iim-thick  film  grown  in 
12  h  from  CCI3-H  on  a  diamond  (100)  substrate. 
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Fig.  5.  Raman  spectrum  of  a  0.9-pm-thick  film  grown  in  12h  from 
CCI3-H  on  a  diamond  (100)  substrate. 

(NiF2,  MgF2,  AIF3,  CaF2,  and  SiF2)  were  sometimes 
observed  on  portions  of  the  sample,  the  sample  holder 
and  on  the  chamber  walls,  and  could  be  responsible  for 
the  globular  features  on  the  right-hand  portion  of  Fig. 
4.  Areas  of  the  sample  which  were  free  of  visible 
particulates  appeared  to  be  contamination  free  at  the 
sensitivity  of  the  electron-beam  microprobe.  Surface 
contamination  may  nonetheless  have  reduced  the 
growth  rate.  We  believe  that  an  initial  design  for  the  gas 
injector  was  responsible  for  the  NiF2  impurities,  as 
NiF2  was  eliminated  following  its  modification  and 
was  not  present  on  the  film  shown  in  Fig.  4.  We  believe 
that  a  Macor  insulator  in  the  sample  holder  was 
the  principal  source  of  the  remaining  contamination, 
and  it  is  currently  being  modified.  The  Raman  spectrum 
indicates  that  no  non-diamond  carbon  was  deposited, 
to  within  our  sensitivity  limit,  as  no  feature  near 
1550  cm associated  with  graphitic  carbon  is  visible. 
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5.  Discussion 

We  have  proposed  a  new  method  for  ALE  and  CVD 
using  radical  precursors  under  high  vacuum  conditions. 
We  have  presented  a  rationale  for  the  use  of  cycles  of 
halogenated  radicals  and  atomic  hydrogen  for  growth  of 
the  Group  IV  semiconductors  diamond,  silicon,  and 
germanium  based  on  well  known  radical  chemistry,  and 
have  delineated  some  of  the  issues  involved  in  determin¬ 
ing  the  number  of  monolayers  per  cycle  that  can  be 
deposited  using  this  chemistry. 

We  have  chosen  to  generate  the  radicals  with  a 
secondary  source  using  thermally  dissociated  fluorine 
atoms.  This  approach  has  several  advantages:  well 
defined  radical  species  may  be  produced  without  side 
reactions;  a  very  wide  variety  of  radicals  may  be  produced 
using  standard,  commercially  available  precursor  gases; 
the  reactor  and  process  can  be  readily  scaled  up  without 
inordinate  effort  or  cost;  the  basic  methodology  should 
be  applicable  to  synthesis  of  a  wide  variety  of  materials; 
the  complexity,  cost,  and  power-consumption  of  dis¬ 
charge  sources  are  avoided.  The  principal  drawback  of 
the  fluorine-atom-abstraction  approach  is  the  production 
of  HF.  The  HF  abstraction  product  necessitates  the  use 
of  corrosion-resistant  pumps  and  will  prevent  the  growth 
of  materials  which  are  strongly  attacked  by  HF  even  in 
the  absence  of  water.  For  example,  in  order  to  grow 
silicon  by  this  method  it  will  almost  certainly  be  necessary 
to  work  at  substrate  temperatures  low  enough  that  the 
surface  hydrogen  (or  halogen)  coverage  remains  very 
high  throughout  the  process  so  as  to  passivate  the  surface 
to  HF  adsorption.  HF  adsorbs  readily  on  clean  Si(lOO) 
[30],  and  the  dominant  pathway  for  surface  fluorine 
removal  is  likely  to  be  desorption  of  SiF2,  i.e.  etching, 
although  abstraction  by  atomic  hydrogen  is  also  a  less 
deleterious  possibility.  A  disadvantage  of  the  thermal 
dissociation  source  relative  to  a  discharge  source  is  that 
material  compatibility  issues  are  more  stringent.  We  find, 
for  example,  that  if  a  significant  fraction  of  the  F2  is  not 
consumed  by  abstraction  and  the  nickel  foil  has  not  been 
carefully  passivated,  the  nickel  foil  becomes  etched  and 
fails  within  several  days. 

Further  diamond  growth  experiments  are  currently 
underway  in  our  laboratory.  We  hope  to  improve  several 
aspects  of  the  experiments,  including  the  reliability  of  the 
radical  source  and  the  sensitivity  of  growth  rate  measure¬ 
ments.  Once  incontrovertible  evidence  for  diamond 
growth  has  been  achieved  and  the  approximate  parameter 
values  for  optimal  growth  have  been  identified,  we  hope 
to  be  able  to  achieve  ALE  by  cycling  the  reactant  fluxes. 
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Layer-by-layer  growth  of  SiC  at  low  temperatures 
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Abstract 

A  novel  reactor  for  layer-by-layer  deposition  of  compound  semiconductors  has  been  designed  and  commissioned  for 
the  deposition  of  SiC.  The  substrates  rested  on  a  heated,  rotating  platform.  They  encountered  individual  fluxes  of 
Si2H6  and  C2H4  and  subsequently  paused  beneath  a  hot  filament.  The  filament  was  used  to  encourage  the  surface 
reaction  between  silicon  adatoms  and  carbon  precursors.  Heteroepitaxial  films  were  grown  between  850  and  980  °C 
on  Si(lOO)  substrates  oriented  3°  off-axis  toward  <01 1>.  They  were  analyzed  for  composition,  crystallinity,  growth 
per  cycle,  and  morphology  using  depth  profiling  Auger  spectroscopy,  reflection  high-energy  electron  diffraction, 
ellipsometry  and  transmission  electron  microscopy.  Growth,  as  measured  by  ellipsometry  and  transmission  electron 
microscopy,  corresponded  to  approximately  one  monolayer  per  cycle.  Monocrystalline  films  were  achieved.  Initial 
growth  and  characterization  results  of  representative  films  are  presented  and  discussed. 


1,  Introduction 

The  extremes  in  the  thermal,  mechanical,  chemical 
and  electronic  properties  of  the  common  polytypes  of 
SiC  allow  the  types  and  numbers  of  current  and  con¬ 
ceivable  applications  of  this  material  to  be  substantial. 
SiC  exists  in  over  250  polytypes  of  which  only  one  is 
cubic,  forming  in  the  zinc  blende  structure  and  referred 
to  as  P  or  3C  SiC.  All  the  remaining  polytypes  are 
hexagonal  or  rhombohedral  [1]  and  are  referred  to 
collectively  as  a-SiC.  The  most  common  of  the  latter 
polytypes  is  6H  where  the  6  refers  to  the  number  of 
Si/C  bilayers  of  closest  packed  planes  necessary  to 
produce  the  unit  cell  and  H  refers  to  the  hexagonal 
nature  of  the  crystal.  The  indirect  band  gaps  at  300  K 
of  these  two  polytypes  are  2.23  eV  (3C)  and  2.93  eV 
(6H)  [2].  Silicon  carbide  also  possesses  high  values  of 
saturated  electron  drift  velocity  (2  x  10^  cm  s“’  for  6H 
[3];  a  slightly  higher  value  has  been  predicted  [4]  for  3C 
because  of  reduced  phonon  scattering),  junction  break¬ 
down  electric  field  (5  x  10^  V  cm“’  for  6H-SiC  [5])  and 
thermal  conductivity  (3.5  W  cm"^  °C~^  at  300  K  for 
6H-SiC)  [6].  These  attributes  taken  together  make  SiC 
an  attractive  candidate  for  high-power,  high-tempera¬ 
ture  and  high-frequency  devices  that  are  resistant  to 
radiation  damage.  These  superior  physical  properties 
are  reflected  in  Johnson’s  figure  of  merit  which  assesses 
the  suitability  of  a  material  for  discrete  high-frequency 
and  high-power  devices.  The  normalized  value  for  6H- 
SiC  is  26.2  times  that  of  silicon  [7].  Discrete  devices 
having  the  potential  for  the  aforementioned  applica¬ 
tions  have  been  achieved  and  characterized  in  the  labo¬ 
ratory  [8-10].  A  review  of  this  research  through  1991 
has  been  published  by  Davis  et  aL  [11].  The  high 


thermal  conductivity  of  SiC  also  indicates  the  potential 
for  high  density  integration  of  SiC  devices. 

Epitaxial  SiC  films  have  been  grown  on  a  variety  of 
materials,  the  most  common  substrate  being  that  of 
Si(  100).  However,  to  accommodate  some  of  the  20%  and 
8%  mismatches  in  lattice  parameters  and  coefficients  of 
thermal  expansion  respectively,  between  silicon  and  SiC, 
the  former  is  usually  reacted  with  a  carbon-containing 
gas  to  produce  a  thin  buffer  layer  [12].  Subsequently, 
much  thicker  films  have  been  grown  by  chemical  vapor 
deposition  (CVD)  [13],  plasma-assisted  CVD  [14]  and 
gas  source  molecular  beam  epitaxy  [2].  Recently  Golecki 
et  aL  have  reported  the  CVD  of  single-crystal  SiC  from 
Si(CH3)H3  on  Si(lOO)  at  750  °C.  This  is  300  °C  lower 
than  most  CVD  films  have  been  deposited  [15]. 

To  build  high-technology  devices  using  SiC,  it  is 
desirable  to  grow  the  material  at  lower  temperatures 
and  in  a  highly  conformal  fashion  without  the  necessity 
of  growing  a  conversion  buffer  layer.  Atomic  layer 
epitaxy  (ALE)  offers  all  of  these  possibilities.  The  ob¬ 
jective  of  this  research  is  to  extend  the  state-of-the-art 
regarding  SiC  thin  films  via  the  employment  of  ALE  to 
deposit  the  materials  onto  selected  substrates  in  a  layer- 
by-layer  process.  The  following  subsections  describe  the 
experimental  procedures  and  discuss  the  results  and 
conclusions  of  this  research. 


2.  Experimental  procedure 

2J.  Atomic  layer  epitaxy  reactor 

In  the  reactor  used  in  this  research,  the  substrate  is 
alternately  exposed  to  a  dose  of  Si2H6  equivalent  to  one 
monolayer  of  silicon  and  an  excessive  exposure  to  C2H4 
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each  revolution  during  deposition.  Figure  1  shows  the 
basic  internal  components  of  the  ALE  system  growth 
chamber  including  the  vane  assembly  which  separates 
the  gases.  The  substrates  rest  on  a  receiver  plate  that 
rotates  above  a  heater  body  and  below  a  vane  as  shown 
in  Fig.  1 .  A  rotating  sample  starts  at  the  front  zone  and 
rotates  clockwise  to  be  exposed  to  Si2iie 
the  vane.  As  rotation  continues,  the  sample  passes 
through  an  intermediate  H2  purge  zone  at  the  back  of 
the  vane  before  exposure  to  C2H4  on  the  right  side  of 
the  vane.  The  sample  will  finally  return  to  the  front 
zone  where  it  will  stop  and  reside  under  a  hot  tungsten 
filament  that  is  used  to  enhance  the  surface  reaction  of 
the  deposited  silicon  and  carbon  species.  The  filament  is 
approximately  0.5  cm  above  the  substrates. 

Heteroepitaxial  films  deposited  onto  Si(lOO)  sub¬ 
strates  oriented  3°  off-axis  toward  the  [Oil]  pole  have 
been  analyzed  on  the  basis  of  composition,  crystallinity, 
growth  per  cycle  and  morphology  using  depth  profiling 
Auger,  reflection  high-energy  electron  diffraction 
(RHEED),  ellipsometry  and  transmission  electron  mi¬ 
croscopy  (TEM).  Growth  rate,  as  measured  by  ellip¬ 
sometry  and  TEM,  corresponded  to  approximately  1 
monolayer  per  cycle.  Both  single-crystal  and  highly 
textured  polycrystalline  films  of  p-SiC  have  been  de¬ 
posited.  The  potential  for  the  growth  of  monocrys¬ 
talline  films  improved  significantly  with  extended 
residence  time  beneath  the  filament. 

2.2.  Atomic  layer  epitaxy  deposition  procedure 

A  typical  experimental  run  was  performed  according 
to  the  following  procedure.  Each  Si(lOO)  substrate  was 
cleaned,  immediately  loaded  into  the  system  and  posi¬ 
tioned  in  the  growth  chamber  within  an  intermediate 
zone.  The  flows  of  the  H2  diluent  and  argon  curtain 
gases  were  initiated,  temperature  was  increased  at 
10  °C  min“^  and  samples  were  baked  at  the  growth  tem¬ 
perature  for  5  min.  The  flows  of  Si2H5  and  C2H4  were 
started,  the  filament  heated  and  sample  rotation  begun. 
Typically  each  sample  was  rotated  360°  before  pausing 
under  the  filament  for  30  s,  repeating  as  required  for 
desired  film  thickness.  Once  rotation  was  finished  the 


Fig.  1.  Internal  components  of  the  ALE  deposition  system. 


TABLE  1.  Ranges  of  process  variables  used  in  SiC  deposition 


Variable 

Range 

Sample  temperature 

820  °C-980  °C 

Si2H6  flow 

0.2-10  seem  in  O;  75-300  seem  of  H2 

C2H4  flow 

1.5-20  seem  in  0;  75-200  seem  of  H2 

Filament  temperature 

25  °C;  1450  °C- 1 700  °C 

Time  per  revolution 

0.66-10  s  per  revolution 

Residence  time  under 
filament 

0-60  s 

sample  was  stopped  under  a  H2  purge,  the  Si2H6  and 
C2H4  flows  were  stopped  and  the  filament  extinguished. 
The  sample  was  allowed  to  cool  until  the  sample  tem¬ 
perature  was  less  than  300  °C  when  all  gases  were 
turned  off  and  the  chamber  evacuated  to  high  vacuum. 

Films  have  been  grown  across  a  broad  range  of 
process  variables  as  shown  in  Table  1.  While  most  SiC 
films  were  highly  textured  polycrystalline,  single-crystal 
SiC  films  have  recently  been  achieved  on  silicon  at 
850  °C  without  any  preliminary  carbonization  step. 

Characterization  of  the  films  employed  the  analytical 
techniques  of  depth  profiling  Auger  spectroscopy, 
RHEED,  ellipsometry  and  TEM.  To  reduce  the  back¬ 
ground  brightness  in  the  RHEED  images  the  samples 
were  heated  before  analysis  to  900  °C  in  high  vacuum 
to  remove  the  native  oxide. 

Initial  growth  and  characterization  results  and  dis¬ 
cussion  of  these  results  are  presented  in  the  following 
subsections  for  both  the  polycrystalline  and  monocrys¬ 
talline  films. 


3.  Results 

3.1.  Auger  spectroscopy 

Auger  depth  profiles  for  an  SiC  film  and  an  SiC 
wafer  standard  are  given  in  Figs.  2  and  3  respectively. 
The  growth  conditions  were  as  follows:  sample  tem¬ 
perature  830  °C,  Si2H6  flow  rate  3  standard  cm^  min 
in  150  standard  cm^  min~^  H2,  C2H4  flow  rate  20  stan¬ 
dard  cm^  min  in  150  standard  cm^  min  H2,  expo¬ 
sure  to  each  process  gas  for  2.5  s,  10  s  per  revolution, 
filament  temperature  1400  °C,  no  pause  time  below  the 
filament  and  700  revolutions  total.  Results  from  the 
film  compared  with  those  for  the  wafer  reveal  a  very 
constant  stoichiometric  SiC  film  with  no  detectable 
impurities  within  the  film. 

3.2.  Reflection  high-energy  electron  diffraction 

The  residence  time  below  the  heated  filament  caused 
a  notable  increase  in  the  degree  of  preferred  orienta¬ 
tion  of  the  polycrystalline  SiC  films  to  a  maximum 
coinciding  with  a  residence  of  30  s  as  shown  in  Fig. 

4.  Other  than  differing  residence  times  below  the 
filament,  all  four  samples  were  run  under  the  same 
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conditions:  sample  temperature  970  °C,  Si2H6  flow  rate 
3  standard  cm^  min  “  ^  in  75  standard  cm^  min  “  ’  H2 , 
C2H4  flow  rate  7.5  standard  cm^  min"*  in  75  stan¬ 


dard  cm^rnin"*  H2,  exposure  to  each  gas  stream  for 
2.5  s,  10  s  per  revolution,  filament  temperature  1650  °C 
and  50  revolutions  total. 


Fig.  3.  Auger  depth  chemical  profile  of  an  oc(6H)-SiC  wafer  cut  from  a  boule  grown  by  Cree  Research,  Inc.,  Durham,  NC. 
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Fig.  4.  Improvement  in  the  degree  of  preferred  orientation  of  the  polycrystalline  films  with  residence  time  below  the  tungsten  filament. 


The  temperature  rise  of  the  sample  during  exposure 
to  the  filament  was  estimated  using  convection-radia¬ 
tion-thermal  conductivity  calculations  and  confirmed 
by  optical  pyrometry  as  approximately  100  °C.  The 
thickness  of  all  four  films,  as  measured  by  ellipsometry, 
was  approximately  265  A  ±  15  A.  The  thickness  varied 
by  only  6%  while  the  length  of  the  runs  varied  by  a 
factor  of  12.  This  indicated  that  there  was  very  good 
gas  separation  during  the  deposition. 

Single-crystal  films  of  SiC  were  grown  without  us¬ 
ing  any  C2H4  pre-exposure.  Figure  5  shows  the 
RHEED  patterns  for  a  single-crystal  film  of  SiC.  The 
growth  conditions  were  as  follows:  sample  tempera¬ 
ture  850  °C,  Si2H6  flow  rate  0.8  standard  cm^  min  *  in 
300  standard  cm^  min"*  H2,  C2H4  flow  rate  2.0  stan¬ 
dard  cm^  min”*  in  200  standard  cm^  min”*  H2,  expo¬ 
sure  to  each  process  gas  for  2.5  s,  10  s  per  revolution, 
filament  temperature  of  1600  °C,  pause  time  below 
the  filament  for  30  s  and  50  revolutions  total.  Repeat¬ 
ing  the  above  run  without  heating  the  filament 
resulted  in  the  deposition  of  a  polycrystalline  film. 


3.3.  Transmission  electron  microscopy 

Figure  6  is  a  high-resolution  TEM  image  of  the  SiC 
film  used  to  obtain  the  RHEED  images  in  Fig.  5.  The 
TEM  image  shows  the  film  to  be  monocrystalline  with 
a  relatively  flat  surface  and  to  contain  a  high  concentra¬ 
tion  of  (111)  twin  defects.  The  film  is  107  A  thick 
indicating  a  deposition  of  2.14  A  per  Si/C  cycle,  which 
is  equivalent  to  the  deposition  of  98%  of  a  monolayer 
per  exposure. 

3.4.  Role  of  filament  in  deposition 

In  order  to  clarify  the  role  of  the  filament  in  deposi¬ 
tion,  several  growth  runs  were  performed  with  or  with¬ 
out  heating  the  filament  and  with  or  without  argon 
flowing  across  the  filament  instead  of  H2.  The  growth 
conditions  explored  were  as  follows:  anti-mixing  gas 
flow  of  200  standard  cm^  min”*  H2,  Si2H6  flow  rate 
0.8  standard  cm^  min”*  in  300  standard  cm^  min"*  H2, 
C2H4  flow  rate  2.5  standard  cm^  min”*  in  200  stan¬ 
dard  cm^  min”*  H2,  exposure  to  each  process  gas  for 
2.5  s,  10  s  per  revolution,  filament  temperature  of 
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[  1 00]  reflection  {HO]  reflection 

Fig.  5.  RHEED  patterns  for  monocrystalline  SiC  film  deposited  at  830  ®C. 


Fig.  6.  High  resolution  TEM  image  of  SiC  film. 


1600  °C  if  heated,  pause  below  the  filament  for  30  s  and 
50  revolutions  total.  The  previous  conditions  gave  ran¬ 
domly  oriented  films  by  RHEED  examination  when 
run  without  a  heated  filament  at  sample  temperatures 
of  830  °C,  850  °C  and  930  °C.  Monocrystalline  P-SiC 
films  were  achieved  consistently  when  the  sample 
was  stopped  briefly  during  deposition  below  a  heated 
filament  across  which  H2  flowed.  However,  if  only 
argon  was  flowed  across  the  heated  filament  or  if  either 
argon  or  H2  was  flowed  across  an  unheated  filament,  all 
resulting  films  were  randomly  oriented  polycrystalline 
P-SiC.  Monocrystalline  films  were  achieved  only  when 
samples  paused  during  deposition  below  a  heated 
filament  across  which  H2  was  flowed. 


4.  Discussion 

The  philosophy  employed  in  this  research  was  to 
expose  the  heated  substrate  or  growing  SiC  film  to  an 


Si2H6  flux  that  was  equivalent  to  approximately  one 
monolayer  of  silicon  followed  by  an  exposure  to  C2H4 
to  form  SiC  layers.  This  is  similar  to  the  method 
employed  by  Fuyuki  et  al  [16]  who  deposited  cubic  SiC 
by  ALE  through  alternating  the  flows  of  source  gases 
while  monitoring  RHEED  reconstruction  patterns.  It  is 
reported  [17,  18]  that  for  the  temperature  range  used  in 
this  research,  Si2H6  will  decompose  quickly  on  a  silicon 
surface,  resulting  in  adsorbed  SiH2  fractions  which 
form  a  multilayer  silicon  film  through  the  evolution  of 
H2.  Ethylene  may  not  decompose  spontaneously  on  SiC 
in  the  manner  of  Si2H6.  Haq  and  Learn  [19]  have 
reported  that  no  reaction  of  an  unsaturated  hydrocar¬ 
bon  occurs  on  an  SiC  substrate  at  920  °C,  but  that  this 
hydrocarbon  reacts  readily  with  exposed  silicon  to  form 
SiC  under  the  same  conditions.  As  a  result,  it  is  ex¬ 
pected  that  after  previously  dosing  an  SiC  surface  with 
silicon,  exposure  to  C2H4  should  result  solely  in  the 
conversion  of  adsorbed  silicon  into  SiC  and  no  deposi¬ 
tion  of  graphite.  Following  exposure  to  the  source 
gases,  the  samples  were  allowed  to  remain  under  the 
filament  to  promote  the  reaction  of  any  carbon- 
containing  fragments  with  the  silicon  adatoms  on  the 
surface. 

The  initial  SiC  films  produced  in  this  research  were 
randomly  oriented  polycrystalline  P-SiC  as  a  result  of 
high  concentrations  of  reactants  in  the  gas  phase  im¬ 
pinging  on  the  substrate.  By  reducing  the  supply  rate  of 
the  reactants,  highly  preferentially  oriented  polycrys¬ 
talline  films  were  achieved.  As  noted  in  Fig.  4,  an 
extended  residence  time  below  the  filament  increased 
the  preferred  orientation  in  polycrystalline  films.  By 
allowing  a  substantial  pause  time  below  the  hot 
filament  after  each  Si/C  cycle  using  the  diluted  Si2H6 
and  C2H4  supply,  single-crystal  films  of  P-SiC  have 
been  deposited. 
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The  filament  had  a  marked  effect  on  the  nature  of  the 
deposited  films.  Under  some  conditions  its  use  made 
the  difference  between  the  deposition  of  single-crystal 
and  polycrystalline  films.  At  a  sample  temperature  of 
970  ‘"C,  the  improvement  in  the  film  by  pausing  under 
the  filament  was  optimized  after  approximately  30  s. 

The  optimal  growth  conditions  favored  a  very  dilute 
supply  of  Si2H6,  extended  residence  time  below  the 
filament  and  a  sample  temperature  of  less  than  930  °C. 
The  preference  for  a  dilute  supply  of  Si2H6  can  be 
explained  by  considering  that  the  C2H4  supplied  after 
the  Si2H6  exposure  will  only  deposit  onto  exposed 
silicon.  Therefore,  if  more  than  one  monolayer  of  sili¬ 
con  is  deposited,  insufficient  carbon  will  react  and  a 
non-stoichiometric  silicon-rich  film  will  be  deposited. 
Extended  residence  time  below  the  filament  enhanced 
the  reaction  of  the  deposited  C2H4  fractions  and  im¬ 
proved  the  opportunities  for  the  growth  of  monocrys¬ 
talline  films.  The  preference  for  a  lower  sample 
temperature  was  due  to  the  occurrence  of  pitting  in  the 
silicon  substrates  at  the  higher  temperatures. 


5.  Conclusions 

Alternating  deposition  of  silicon  and  carbon  species 
from  disilane  and  ethylene  source  gases  respectively, 
has  been  used  to  deposit  polycrystalline  and  monocrys¬ 
talline  films  of  stoichiometric  P-SiC  onto  Si(lOO)  sub¬ 
strates  within  the  temperature  range  850-980  ""C.  The 
degree  of  preferred  orientation  of  the  polycrystalline 
films  improved  with  increased  residence  time  below  a 
hot  tungsten  filament.  Single-crystal  SiC  films  were 
difficult  to  achieve  at  higher  temperatures  owing  to 
increased  pitting  of  the  substrate.  The  best  monocrys¬ 
talline  films  of  SiC  were  grown  at  850  °C  with  extended 
residence  time  below  the  filament.  The  surfaces  of  the 
deposited  films  were  very  smooth,  as  would  be  expected 
for  a  layer-by-layer  process.  However,  the  films  exhib¬ 
ited  substantial  twinning,  as  revealed  by  TEM. 
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Abstract 

Novel  atomic  layer  epitaxy  controlled  by  surface  superstructures  in  SiC  was  demonstrated.  An  alternating  supply  of 
source  gases  of  Si2H6  and  C2H2  in  gas  source  molecular  beam  epitaxy  induced  the  transitions  of  the  surface 
superstructures.  When  Si2H6  was  supplied,  Si  atoms  generated  by  thermal  decomposition  adsorbed  on  the  substrate 
and  constructed  superstructures  corresponding  to  the  number  of  constituent  Si  atoms.  When  C2H2  was  supplied,  the 
adsorbed  Si  atoms  reacted  with  the  C2H2  molecules,  resulting  in  crystallization.  The  growth  rate  seemed  to  be 
regulated  by  the  limited  number  of  Si  atoms  forming  the  superstructures.  Single-crystalline  3C-SiC  was  homoepi- 
taxially  grown  at  a  low  substrate  temperature  of  1000  °C.  Detailed  analysis  of  dynamic  reflected  high  energy  electron 
diffraction  observations  revealed  the  proper  configuration  of  the  surface  superstructures,  and  the  possibility  of  single 
monolayer  growth  of  3C-SiC  was  presented. 


1.  Introduction 

In  atomic  layer  epitaxy  (ALE),  a  limited  number  of 
atoms  (molecules)  are  adsorbed  on  a  growing  surface 
by  so-called  ‘self-stopping  mechanisms’.  Chemical  reac¬ 
tions  on  a  surface  give  rise  to  layer-by-layer  growth 
regulated  at  the  atomic  level  [1],  which  results  in  high 
quality  crystallinity  and  interface  formation.  Many  ex¬ 
tensive  investigations  have  been  carried  out  in  the  fields 
of  II-VI  and  III-V  semiconductors  [2,  3]  using  chemi¬ 
cal  vapor  deposition  (CVD)  or  gas  source  molecular 
beam  epitaxy  (MBE)  methods,  but  there  have  been  very 
few  studies  on  ALE  of  group  IV  semiconductors,  such 
as  Si  and  SiC. 

We  have  found  a  distinct  feature  in  the  reconstruc¬ 
tion  of  surface  superstructures  during  crystal  growth  of 
3C-SiC  in  gas  source  MBE,  using  alternating  supplies 
of  source  gases  of  disilane  (Si2H6)  and  acetylene 
(C2H2)  [4].  When  Si2H6  is  supplied,  its  thermal  decom¬ 
position  on  the  substrate  surface  generates  Si  atoms 
which  adsorb  and  construct  surface  superstructures. 
The  superstructures  are  reconstructed  corresponding  to 
the  number  of  adsorbed  Si  atoms.  When  C2H2  is  sup¬ 
plied,  the  adsorbed  Si  atoms  react  with  the  C2H2, 
forming  SiC.  Epitaxial  growth  at  as  low  as  1000  °C 
could  be  realized  [5,  6],  and  the  growth  rate  seemed  to 
be  regulated  by  the  amount  of  Si  atoms  constructing 
the  superstructures. 

In  this  study,  a  novel  mechanism  for  atomic  level 
control  in  gas  source  MBE  of  SiC  is  discussed  based  on 
the  in  situ  analysis  of  surface  superstructures  during 
crystal  growth.  Dynamic  reflected  high  energy  electron 
diffraction  (RHEED)  observation  can  show  the  various 
configurations  of  the  superstructures,  according  to  the 


number  of  constituent  Si  atoms.  The  crystallinity  and 
surface  morphology  are  also  mentioned. 

2.  Experimental  details 

Experiments  were  carried  out  in  a  commercially 
available  ultrahigh  vacuum  (UHV)  chamber  with  addi¬ 
tional  modifications  for  gas  molecular  sources  described 
elsewhere  [5].  Antiphase-domain-free  single  crystals  of 
3C-SiC(001)  grown  by  CVD  [7]  on  Si(OOl)  with  a  2° 
off-orientation  towards  [110]  were  used  as  substrates. 
Source  gases  of  pure  Si2H6  and  C2H2  were  introduced 
alternately  onto  the  substrate  with  particular  interval 
times.  The  chamber  pressure  during  growth  was  about 
10“^-10“^  Torr  and  was  maintained  by  a  turbomolecu- 
lar  pump  and  a  liquid  nitrogen  shroud.  The  substrate 
temperature  was  in  the  range  1000-1200*^0,  and  al¬ 
most  all  the  experiments  except  the  surface  cleaning 
process  were  carried  out  at  1000  °C.  The  typical  growth 
conditions  are  listed  in  Table  1. 


TABLE  1 .  Typical  conditions  for  epitaxial  growth  using  an  alternat¬ 
ing  source  supply 


Substrate  Temp. 

1000-1200  °C 

Si2H6  flow  rate 

0.2-0.6  seem 

C2H2  flow  rate 

0.2- 1.6  seem 

SijHg  supply 

5-15S 

interval 

10-50  s 

C2H2  supply 

5-15s 

interval 

10-50 s 

0040-6090/93/$6.00 
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Fig.  1 .  Typical  mass  spectra  taken  at  various  substrate  temperatures 
for  source  gases  of  (a)  Si2H5  and  (b)  C2H2. 


Preliminary  experiments  using  quadrupole  mass  anal¬ 
ysis  showed  the  decomposition  of  the  source  gases. 
Typical  mass  spectra  of  Si2H6  and  C2H2  taken  at 
various  substrate  temperatures  are  shown  in  Figs.  1(a) 
and  (b)  respectively.  In  Fig.  1(a),  the  peaks  around 
mie  =  60,  which  originate  from  Si2H6,  decrease  with 
increasing  temperature;  meanwhile  the  peaks  of  mj 
e  =  2S-3l,  corresponding  to  SiH„,  increase  with  in¬ 
creasing  substrate  temperature.  The  Si2H6  molecules 
are  thermally  decomposed  at  substrate  temperatures 
higher  than  600  °C,  as  was  supported  by  the  experimen¬ 
tal  results  of  Si  deposition  when  Si  was  used  as  the 
substrate.  In  contrast,  in  Fig.  1(b),  the  peak  around 
mje  =26  (C2H2)  does  not  show  any  change  up  to 
1100  °C,  which  means  C2H2  can  hardly  be  decomposed 
thermally.  No  C  deposition  was  observed  after  a  long 
supply  of  C2H2. 


3.  Results  and  discussion 

3.1.  Surface  superstructures 

The  substrate  was  first  heated  up  to  1100  °C  in  a  high 
vacuum  (better  than  3  x  10"^Torr)  which  was  for  ox¬ 
ide  removal,  and  then  the  substrate  temperature  was 
lowered  to  1000  °C  (at  which  temperature  the  experi¬ 
ments  were  carried  out).  Just  after  the  oxide  removal, 
the  initial  surface  superstructure  was  identified  to  be 
c{2  X  2)  by  in  situ  and  real-time  RHEED  observation. 
The  same  c(2  x  2)  pattern  was  reproduced  for  C2H2 
supply  at  1000  °C.  No  C  deposition  was  observed  when 
the  surface  was  exposed  to  a  C2H2  beam  for  a  long 
time,  as  mentioned  above.  The  c(2  x  2)  surface  is  con¬ 
sidered  to  be  terminated  by  a  single  layer  of  C  atoms 
without  any  overlayer,  which  is  also  proposed  through 
medium  energy  ion  scattering  (MEIS),  low  energy  elec¬ 
tron  diffraction  (LEED)  and  Auger  electron  spec¬ 
troscopy  (AES)  analyses  [8]. 

When  the  surface  was  exposed  to  an  Si2H6  beam,  the 
superstructures  changed  successively,  as  shown  in  Fig.  2. 
These  superstructures  are  composed  of  Si  atoms  gener¬ 
ated  by  the  thermal  decomposition  of  Si2H6  molecules 
on  the  substrate  surface.  The  relationship  of  the  crystal¬ 
lographic  direction  and  the  configuration  of  the  surface 
superstructures  has  been  discussed  in  detail  [9]  based  on 
RHEED  observations  with  various  incident  directions. 
The  number  of  Si  atoms  comprising  the  superstructures 
is  assumed  to  increase  in  the  order  (2x1),  (5x2)  and 
(3x2),  according  to  the  Si2H6  supply  duration.  No 
further  transition  from  the  (3x2)  superstructure  was 
observed  for  any  continuous  supply  of  Si2H6. 

The  change  in  the  superstructures  after  the  formation 
of  (3x2)  superstructures  was  investigated,  keeping 
the  same  substrate  temperature.  The  superstructure  of 
(3x2)  was  maintained  for  a  few  hours  in  a  high 
vacuum,  and  it  gradually  changed  to  the  (2  x  1)  super¬ 
structure.  The  (2x1)  pattern  was  maintained  for  longer 
than  10  h.  The  transition  from  (3  x  2)  to  (2  x  1)  was 
caused  by  the  decrease  in  the  amount  of  constituent  Si 
atoms  owing  to  thermal  evaporation.  The  (3x2)  super¬ 
structure  is  considered  not  to  be  as  stable  as  the  (2  x  1). 
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Fig.  2.  Transition  of  surface  superstructures  during  alternating  sup¬ 
ply  of  Si2H6  (downward)  and  C2H2  (upward). 
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When  the  C2H2  was  introduced,  the  adsorbed  Si 
atoms  reacted  with  the  C2H2,  resulting  in  a  superstruc¬ 
ture  change  from  the  (3x2)  to  the  initial  c(2  x  2),  in 
the  reverse  order  shown  in  Fig.  2.  By  this  surface 
reconstruction  sequence,  the  crystal  growth  of  3C-SiC 
was  confirmed,  as  discussed  below. 

3.2.  Crystal  growth 

By  repeating  the  surface  reconstruction  sequence 
many  times,  3C-SiC  was  epitaxially  grown  at  a  sub¬ 
strate  temperature  of  1000  °C.  The  growth  rate,  defined 
as  the  number  of  SiC  monolayers  (ML)  per  cycle  was 
controlled  in  the  range  2-6  ML  cycle relative  to  the 
Si-C  bond  length  along  the  <001  >  direction.  Clear 
streaks  were  observed  in  the  RHEED  pattern  for  sam¬ 
ples  with  a  low  growth  rate  of  2.3  ML  cycle”  *,  whereas 
stacking  faults  and  twins  were  observed  in  the  samples 
with  higher  growth  rates,  as  shown  in  Fig.  3.  The 
surface  morphology  showed  no  change  compared  with 
the  substrate  surface,  regardless  of  growth  conditions. 

A  schematic  growth  process  with  an  alternating 
source  supply  is  shown  in  Fig.  4.  During  the  Si2H5 
supply,  the  Si2H6  molecules  are  thermally  decomposed 
on  the  substrate  surface  (step  (a))  and  the  Si  atoms 
generated  form  superstructures  (step  (b)).  During  C2H2 
supply,  the  adsorbed  Si  atoms  react  with  the  C2H2 
molecules  (step  (c))  to  form  SiC  (step  (d)).  The  growth 
rate  is  regulated  by  the  number  of  Si  atoms  adsorbed 
on  the  surface  (step  (b)).  The  verification  and  control 
of  the  surface  superstructures  are  indispensable  to  real¬ 
ize  atomic  level  control  in  crystal  growth. 

3.3.  Dynamic  analysis  of  reconstruction 

The  transition  of  the  superstructures  under  an 
molecular  beam  supply  was  dynamically  analysed  using 
an  RHEED  pattern-monitoring  system  explained  in  our 
previous  publication  [9].  The  relative  amount  of  con¬ 
stituent  Si  atoms  in  each  superstructure,  as  mentioned 
in  Section  3.1,  was  estimated  by  experimental  results  on 
the  time  evolution  of  the  structure  transition,  and  the 
exact  number  of  Si  atoms  constructing  the  superstruc¬ 
tures  could  be  proved,  taking  various  proposed  models 
into  account. 

In  this  experiment,  the  flow  rate  of  Si2H6  was  set  at 
the  minimum  value  of  0.07  seem  to  maintain  the  accu¬ 
racy  of  the  time  measurement.  Typical  intensity  profiles 
of  the  superstructure-related  streaks  are  plotted  in  Fig. 
5  as  a  function  of  the  Si2H6  exposure  time.  The  measured 

durations  required  for  the  transitions  c(2  x  2) - > 

(2  X  1),  c(2  X  2) - ^  (5  X  2)  and  c(2  x  2) - >  (3  x  2), 

denoted  as  ^2  x  1 »  ^5  x  2  and  ?3  2  the  figure,  are  listed  in 
Table  2  with  the  relative  values  of  the  second  two 
durations  normalized  to  the  first  duration.  The  relative 
values  of  ^5x2/^2xi  and  t^^2lhx\  take  the  averages  of 
1.16  and  1.36  with  the  very  small  standard  deviations  of 


(c) 

Fig.  3.  RHEED  patterns  of  the  layers  grown  at  1000  °C  with  growth 
rates  of  (a)  5.0  A  cycle"'  (2.3  ML  cycle” '),  (b)  6.6  A  cycle”' 
(3.0  ML  cycle”')  and  (c)  7.6  A  cycle”'  (3.5  ML  cycle”')  (<110>  az¬ 
imuth). 

0.03  and  0.02  respectively.  We  can  assume  that  the 
number  of  adsorbed  Si  atoms  is  proportional  to  the 
Si2H6  dose,  which  in  turn  is  proportional  to  the  exposure 
time.  Thus,  the  experimental  results  show  that  the 
relative  quantities  of  constituent  Si  atoms  in  the  super¬ 
structure  are 

N{2x  1)  <A(5  x2)  <A(3  x2)  (1) 

and 


228 


T.  Fuyuki  et  al.  /  ALE  controlled  by  surface  superstructures  in  SiC 


Thermal  Formation  of  Chemical  SiC  Growth 

Decomposition  Surface  Super-  Reaction 

of  Si2H6  structures  Between 

Si  Atoms  Sz 
C2H2  Molecules 


Fig.  4.  Schematic  growth  process  using  an  alternating  source  supply:  (a)  thermal  decomposition  of  Si2H6;  (b)  formation  of  surface 
superstructures;  (c)  chemical  reaction  between  Si  atoms  and  C2H2  molecules;  (d)  SiC  growth. 


0  20  40  60 


TIME  (sec) 

Fig.  5.  RHEED  intensity  of  superstructure-related  streaks  under 
Si2H6  beam  exposure. 

A^(5  x2)/A^(2  X  1)  =  1.16  (2) 

iV(3x2)/7V(2xl)  =  1.36  (3) 

where  N(2  x  1),  N{5  x  2)  and  7V(3  x  2)  denote  the 
amounts  of  constituent  Si  atoms  in  each  superstructure. 

Dayan  [10]  proposed  an  adatom  model  and  a  missing 
dimer  model  for  the  (2  x  1)  and  (3  x  2)  superstructures, 
respectively,  based  on  annealing  experiments  of  oxi¬ 
dized  SiC  surfaces.  Following  his  models,  the  numbers 
of  Si  atoms  N{2x  1)  and  A^(3  x  2)  were  calculated  to 
be  1.50  and  1.67.  The  number  of  Si  atoms  constructing 


TABLE  2.  Si2H6  exposure  time  required  for  the  transition  of  the 
surface  superstructures 


h  X  1  (s) 

^5  X  2  (  s) 

^3x2  (S) 

h  X  ilh  X  1 

hxilhxi 

1 

21.4 

23.8 

29.0 

1.11 

1.36 

2 

18.4 

21.4 

25.2 

1.16 

1.37 

3 

24.6 

29.0 

34.2 

1.18 

1.39 

4 

24.6 

29.2 

33.0 

1.19 

1.34 

5 

24.8 

28.2 

33.0 

1.14 

1.33 

Ave 

1.16 

1.36 

the  (5  X  2)  superstructure  observed  in  our  experiments, 
though  he  did  not  mention  it,  was  estimated  to  be  1.80, 
following  the  calculation  using  his  missing  dimer  model. 
Then,  N{5  x2)  became  larger  than  iV(2  x  1)  or 
7V^(3  X  2),  and  the  order  of  numbers  could  not  satisfy 
our  experimental  results  of  eqn.  (1). 

Carter  [11]  carried  out  energy-minimizing  calcula¬ 
tions  and  pointed  out  that  the  simple  dimer  model  is 
more  favorable  than  the  adatom  model  for  the  (2  x  1) 
superstructure.  Hara  [8]  investigated  the  transition  of 
superstructures  during  annealing  of  Si-rich  surfaces, 
using  MEIS,  FEED  and  AES  analyses,  and  proposed 
the  additional  dimer  model  for  the  (5x2)  and  (3x2) 
superstructures.  Typical  configurations  of  superstruc¬ 
tures  of  (2  X  1),  (5  X  2)  and  (3  x  2),  following  the 
models  mentioned  above,  are  shown  in  Figs.  6(a),  6(b) 


(a)  (2  X  1) 

simple  dimer  model 
single  layer  of  Si 


(b)  (5  X  2) 

additional  dimer  model 
1.20  layers  of  Si 


(c)  (3  X  2) 

additional  dimer  model 
1.33  layers  of  Si 


Fig.  6.  Proposed  models  of  superstructure  configurations:  (a)  (2  x  1) 
simple  dimer  model  [11];  (b)  (5  x  2)  additional  dimer  model  [8];  (c) 
(3x2)  additional  dimer  model  [8]. 
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and  (c)  respectively.  Theoretically,  the  expected  numbers 
of  Si  atoms  are  1.00,  1.20  and  1.33  for  (2  x  1),  (5  x  2) 
and  the  (3  X  2)  superstructures,  respectively,  and  these 
agreed  very  well  in  both  their  order  (eqn.  (1))  and  their 
relative  amounts  (eqns.  (2)  and  (3)).  Our  experimental 
results  strongly  support  a  simple  dimer  model  for  the 
(2  X  1)  superstructure  and  an  additional  dimer  model 
for  the  (5  X  2)  and  the  (3  x  2)  superstructures. 

In  our  present  experimental  situation,  relatively  high 
flow  rates  of  SizHg  are  used  in  the  growth  experiments 
to  shorten  the  required  time  of  one  cycle,  and  the  (3  x  2) 
superstructure  was  observed  reproducibly  as  a  result. 
When  the  reconstruction  sequence  via  the  (3  x  2)  super¬ 
structure  was  used  in  crystal  growth,  a  growth  rate  of 
1.33  ML  cycle”'  should  be  expected,  as  discussed  above. 
The  obtained  growth  rates  of  2~6MLcycle”'  sng- 
gested  the  following:  as  well  as  the  Si  atoms  constructing 
the  superstructures,  additional  Si  atoms,  which  could 
not  be  observed  by  RHEED  measurements,  might  con¬ 
tribute  to  the  crystal  growth.  The  precise  control  of  the 
SijHg  supply  to  form  the  (2  x  1)  structure  is  needed  to 
realize  single  monolayer  growth  of  3C-SiC. 


4.  Conclusions 

Novel  ALE  controlled  by  surface  superstructures  in 
SiC  was  demonstrated.  An  alternating  supply  of  source 
gases  of  Si2H6  and  CjHj  in  gas  source  MBE  induced  the 
transitions  of  the  surface  superstructures.  When  SiaH^ 
was  supplied,  Si  atoms  generated  by  thermal  decomposi¬ 
tion  adsorbed  on  a  3C-SiC(001)  substrate,  inducing  the 
structure  change  from  the  initial  c(2  x  2)  to  the  sequen¬ 
tial  evolution  of  (2  x  1),  (5  x  2)  and  (3  x  2),  correspond¬ 
ing  to  the  increased  amount  of  constituent  Si  atoms. 
When  C2H2  was  supplied,  the  adsorbed  Si  atoms  reacted 
with  the  C2H2  molecules,  resulting  in  the  crystallization 
of  the  3C-SiC,  and  the  superstructure  showed  the  initial 
c(2  X  2)  pattern. 


After  repeating  the  alternating  supply  for  more  than 
1000  cycles,  single-crystalline  3C-SiC  was  homoepitax- 
ially  grown  at  a  low  substrate  temperature  of  1000  °C. 
Clear  streaks  were  observed  in  the  RHEED  patterns  for 
samples  grown  with  a  low  growth  rate  of  2.3  ML  cycle”’, 
whereas  stacking  faults  and  twins  were  observed  for 
samples  grown  at  higher  growth  rates. 

Detailed  analysis  of  dynamic  RHEED  observations 
revealed  the  proper  configuration  of  the  surface  super¬ 
structures  and  the  possibility  of  single  monolayer  growth 
of  3C-SiC  was  presented. 
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Abstract 

The  heteroepitaxial  growth  of  3C-SiC  on  Si  substrates  has  been  studied  in  a  hot- wall-type,  low  pressure,  chemical 
vapour  deposition  reactor  with  an  alternating  supply  of  SiH2Cl2  and  C2H2  in  the  temperature  range  of  750- 
1050  °C.  SiC  films  have  been  grown  only  at  temperatures  above  800  °C.  The  growth  rate  of  the  SiC  films  increases 
with  temperature  above  900  °C,  while  a  constant  growth  rate  (4.4  A  cycle”*)  is  obtained  in  the  temperature  range 
between  800  and  900  °C.  The  characteristics  of  the  growth  rate  of  the  SiC  films  can  be  understood  by  taking  into 
account  the  decomposition  of  adsorbed  SiCls  on  the  surface  of  the  substrates.  The  crystallinity  of  the  SiC  layers  was 
affected  by  the  orientation  of  the  Si  substrates  and  the  growth  temperature.  Monocrystalline  3C-SiC  has  been 
obtained  on  the  Si(  1 1 1)  face  at  temperatures  above  1000  °C,  while  polycrystalline  3C-SiC  deposits  on  the  (001)  face 
over  the  range  of  growth  temperature  studied. 


1.  Introduction 

pSiC  (3C-SiC)  is  a  semiconductor  material  that  is 
useful  for  high  temperature  devices.  It  exhibits  several 
outstanding  properties,  such  as  a  high  thermal  stability, 
high  electron  mobility  (about  1000  cm^V"*  s“*),  wide 
bandgap  (2.2  eV  at  300  K)  and  high  saturated  drift 
velocity  [1,  2].  It  is  necessary  for  the  fabrication  of  SiC 
devices  to  develop  a  growth  technology  to  deposit  high 
quality  3C~SiC  over  large  areas.  Although  intensive 
studies  of  the  large-area  heteroepitaxy  of  3C-SiC  on  Si 
substrates  have  been  performed  recently  [3,  4],  the 
required  growth  temperature  for  chemical  vapour  depo¬ 
sition  (CVD)  of  approximately  1350  °C  is  too  high  to 
be  suitable  for  device  material.  A  growth  temperature 
for  3C-SiC  that  is  lower  than  1000  °C  is  desirable  to 
reduce  the  interdiffusion  of  dopants. 

Molecular  beam  epitaxy  (MBE)  is  one  of  the  promi¬ 
nent  methods  for  the  low  temperature  growth  of  SiC, 
and  successful  results  for  homoepitaxy  of  high  quality 
3C-SiC  at  1000  ""C  have  been  reported  [5].  However, 
the  productivity  of  MBE  is  far  inferior  to  that  of  CVD. 

We  have  attempted  to  grow  heteroepitaxial  3C-SiC 
on  Si  substrates  by  low  pressure  CVD  (LPCVD).  To 
realize  an  atomic-level-controlled  surface  reaction  by 
LPCVD,  SiC  growth  has  been  carried  out  by  alternat¬ 
ing  the  supply  of  the  source  gases.  In  addition,  we  have 
conducted  growth  experiments  by  changing  the  growth 
temperatures  to  study  the  SiC  growth  mechanisms. 

We  will  discuss  the  growth  mechanisms  of  3C“SiC 
using  the  results  of  quadrupole  mass  spectrometry 
(QMS)  measurements. 


2.  Experimental  procedure 

The  quartz  reaction  tube  of  the  LPCVD  reactor  was 
uniformly  heated  by  a  surrounding  heater.  The  base 
pressure  of  the  reaction  tube  evacuated  by  a  mechanical 
booster  pump  was  lx  10“^  Torn  Acetylene  (C2H2) 
and  dichlorosilane  (SiH2Cl2)  were  used  as  the  C  and  Si 
source  gases,  respectively,  and  H2  was  used  as  the 
carrier  gas.  Each  gas  flow  rate  was  precisely  controlled 
by  a  mass  flow  controller.  To  control  the  pressure  in  the 
reaction  tube,  a  butterfly  valve  was  employed  between 
the  reaction  tube  and  the  mechanical  booster  pump. 
Single-crystal  Si  wafers  with  a  ( 1 1 1)  face  or  a  (001)  face 
were  used  as  the  substrates.  All  the  wafers  were  treated 
with  NH4(0H):H202:H20  and  HC1:H202:H20  solu¬ 
tions,  before  being  loaded  into  the  reaction  tube. 

A  typical  SiC  growth  procedure,  as  shown  in  Fig.  1, 
consisted  of  two  processes:  carbonization  and  growth. 
First,  the  carbonization  process  was  carried  out  to 
convert  the  Si  surface  into  a  thin  epitaxial  SiC  layer 
[6].  This  carbonized  layer  is  the  key  to  obtaining  su¬ 
perior  epitaxial  SiC  on  Si  substrates.  H2  and  C2H2 
were  supplied  into  the  reaction  tube  from  the  start  of 
the  heating  process.  The  flow  rates  of  H2  and  C2H2 
were  kept  at  500  cm^  min  *  and  10cm^min“*  respec¬ 
tively.  The  partial  pressure  of  C2H2  was  2.9  mTorr  and 
the  total  pressure  was  kept  at  150  mTorr.  After  car¬ 
bonization  for  90  min  at  1000  °C,  a  mirror-like  car¬ 
bonized  layer  80  A  thick  was  obtained  [7]  and  the 
temperature  of  the  reaction  tube  was  changed  to  the 
desired  growth  temperature,  keeping  the  H2  and  C2H2 
flows  constant. 
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The  growth  temperature  was  varied  from  750  to 
1050  °C.  The  SiH2Cl2  at  a  flow  rate  of  lOcm^min”^ 
and  the  C2H2  at  a  flow  rate  of  lOcm^min"’  were 
alternately  introduced  into  the  reaction  tube  during 
deposition.  Throughout  the  entire  process  of  SiC 
growth,  the  H2  carrier  gas  flow  rate  was  maintained  at 
500  cm^  min“^  and  the  total  pressure  was  held  constant 
at  150mTorr.  The  durations  of  the  SiH2Cl2  flow  and 
C2H2  flow  were  fixed  at  5  s  each.  Intervals  of  5  s  were 
employed  after  stopping  the  SiH2Cl2  supply,  while  in¬ 
tervals  of  3  s  were  employed  after  stopping  the  C2H2 
supply.  The  number  of  cycles  of  the  gas  supply  was 
typically  about  1500.  After  the  SiC  growth  process,  the 
reaction  tube  was  cooled  down  to  room  temperature 
without  any  flow  of  gases. 

QMS  measurements  were  carried  out  to  observe 
changes  in  the  partial  pressures  of  the  various  gas 
species  in  the  reaction  tube  during  growth. 

The  thickness  of  the  SiC  film  was  calculated  from  the 
measured  reflectance  curve  using  visible  light  spec¬ 
troscopy,  with  some  interference  peaks  and  valleys,  and 
a  refractive  index  value  of  2.63.  The  thickness  of  the 
SiC  film  divided  by  the  number  of  gas  supply  cycles 
gave  the  growth  rate  of  the  SiC.  The  crystallinity  of  the 
SiC  films  was  evaluated  by  electron  channelling  pattern 
(ECP)  observations.  The  surface  morphology  of  the 
grown  SiC  films  was  observed  by  scanning  electron 
microscopy  (SEM). 


3.  Results  and  Discussion 

SiC  film  growth  has  been  realized  for  temperatures 
above  800  ""C  on  both  the  Si(lll)  face  and  the  Si(OOl) 
face,  as  shown  in  Fig.  2.  At  a  growth  temperature  of 
750  °C,  continuous  SiC  films  did  not  form  but  many 
whiskers  were  present  on  the  substrate. 

The  SiC  films  grown  in  the  temperature  range  800- 
900  °C  have  a  constant  growth  rate  of  4.4  A  cycle“\  as 
shown  in  Fig.  3.  The  rate  of  4.4  A  cycle"’  corresponds 


Si  (111)  FACE 

Si  (001)  FACE 

iilfe 

750°  C 

ascMiEsa 

800°  C 

wm 

950°  C 

1050'C 

0.  4  u  m 

Fig.  2.  Cross-sectional  SEM  micrographs  of  the  SiC  films  grown  on 
the  Si(lll)  face  and  Si(OOl)  face  at  various  growth  temperatures. 


to  a  1.8  monolayer  (ML)  growth  of  3C-SiC  per  cycle. 
The  growth  rate  of  SiC  increases  with  the  growth 
temperature  in  the  range  of  900-1050  °C.  The  dis¬ 
crepancy  in  the  growth  rates  implies  that  there  may  be 
several  different  mechanisms  active  in  the  growth  of 
SiC. 

It  is  generally  recognized  that  SiCl2  molecules  are 
formed  by  thermal  decomposition  of  SiH2Cl2  over  the 
temperature  range  studied  [8-13].  The  constant  growth 
rate  of  SiC  seems  to  be  determined  by  a  surface  reac¬ 
tion  below  900  °C,  as  schematically  shown  in  Fig.  4. 
The  SiCl2  molecules  are  adsorbed  on  hollow  bridge  sites 
of  the  substrates  [11-13].  The  SiCl2  molecules  change 
into  the  fairly  stable  ionized  state  SiCl^  which  has 
loose  bonds  between  the  Si  and  Cl  (Fig.  4(a)).  When 
the  metastable  layer  of  SiCl2  molecules  is  exposed  to 
C2H2  molecules  the  adsorbed  SiCl2  is  converted  to  SiC, 
resulting  in  a  constant  growth  rate  of  SiC  (Fig.  4(b)) 
[14,  15].  It  is  not  understood  yet  why  the  constant 
growth  rate  of  SiC  is  1.8  ML  cycle"’  rather  than 
1  ML  cycle"’. 
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Fig.  3.  SiC  growth  rate  as  a  function  of  growth  temperature. 

At  growth  temperatures  above  900  °C,  the  increase  in 
the  SiC  growth  rate  no  longer  can  be  accounted  for  by 
a  stable  adsorption  layer  of  SiCl2,  as  mentioned  above. 
An  additional  growth  mechanism  seems  to  contribute 
to  the  SiC  growth.  The  additional  growth  rate  (Arg) 
was  estimated  by  subtracting  the  constant  growth  rate 
from  the  total  growth  rate  in  Fig.  3,  and  is  displayed  as 
an  Arrhenius  plot  in  Fig.  5.  The  Arrhenius  plot  of  Arg 
shows  an  activation  energy  of  26.6  kcal  mol” ^  for  the 

:  SiH2Cl2  -H-SiCl2  +  H2  ^ 

^Q-SiCl2 

SiCl2 

■  .■  ,m  M 

o  .  :a  . a  . : 


a) 

2S  i  C 1 2+C2H2  +  H2 

-►2SiC+4HCI 


b) 

Fig.  4.  Model  of  SiC  growth  at  below  900  °C:  (a)  SiCk  molecules  are 
adsorbed  on  hollow  bridge  sites  of  substrates  and  then  change  into  a 
fairly  stable  ionized  state;  (b)  the  stable  SiC^  molecules  are  exposed 
to  C2H2  molecules,  resulting  in  the  constant  growth  rate  of  SiC. 


GROWTH  TEMPERATURE  f C) 

1000  900  800 


7.  5  8.  5  9.5 


1/GROWTH  TEMPERATURE  (IoVk) 

Fig.  5.  Arrhenius  plot  of  the  additional  growth  rate  of  SiC  and  sum 
of  Cl  and  HCI  partial  pressures. 

additional  growth  rate  in  the  temperature  range  950- 
1050  °C. 

To  clarify  the  activated  process  of  26.6  kcal  mol"*, 
time  variations  of  the  partial  pressures  of  the  gas  spe¬ 
cies  in  the  reaction  chamber  were  measured  by  QMS. 
Figure  6  shows  the  typical  changes  in  SiH2Cl2,  C2H2, 
SiCls,  SiCl,  HCI  and  Cl  partial  pressures  at  900  °C.  All 
the  gaseous  species  show  changes  synchronous  to  the 
supply  periods  of  the  source  gases.  The  Cl  and  HCI 
molecules  are  generally  considered  to  be  released  by  the 
decomposition  of  SiCl2  on  the  surface  of  the  substrates 
[8-10].  Thus,  the  sum  of  the  partial  pressures  of  Cl  and 
HCI  during  the  supply  of  SiH2Cl2  is  thought  to  be 
proportional  to  the  total  amount  of  Si  deposited  by 


TIME  (sec) 

Fig.  6.  Change  of  SiHsC^,  C2H2,  SiCb,  SiCl,  HCI  and  Cl  partial 
pressures  during  growth  process  at  900  °C. 
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the  decomposition  of  SiCl2  on  the  surface  of  the  sub¬ 
strates.  The  sum  of  the  partial  pressures  of  Cl  and  HCl 
changes  with  the  growth  temperature,  which  corre¬ 
sponds  to  the  activation  energy  of  26.6  kcal  mol“^  for 
the  additional  growth  rate  of  SiC  film,  as  also  shown  in 
Fig.  5. 

At  a  growth  temperature  above  900  °C,  the  decompo¬ 
sition  of  adsorbed  SiCl2  by  H2  during  the  SiH2Cl2 
supply  seems  to  contribute  to  the  additional  growth  of 
SiC,  as  shown  in  Fig.  7.  Cl  atoms  may  be  reduced  by 
H2  and  removed  from  the  surface  of  a  substrate,  leaving 
residual  Si  atoms  to  be  incorporated  into  the  surface  of 
the  substrate  (Fig.  7(a)).  Subsequently,  additional  SiCl2 
molecules  will  be  adsorbed  onto  the  new  surface  of  the 
substrate  during  the  supply  of  SiH2Cl2.  Consequently, 
excess  homoepitaxial  Si  atom  layers  may  be  formed  on 
the  surface  of  substrates  at  temperatures  above  900  °C. 
The  Si  atoms  in  these  excess  layers  will  react  with  the 
C2H2  on  its  introduction  into  the  reaction  tube,  result¬ 
ing  in  additional  SiC  formation. 

The  crystallinity  of  the  SiC  layer  grown  was  affected 
by  the  orientation  of  the  Si  substrate  and  the  growth 
temperature.  Single-crystal  3C-SiC  films  have  been  ob¬ 
tained  on  the  Si(lll)  face  at  temperatures  above 
1000  °C.  Figure  8  shows  the  ECP  patterns  of  SiC  films 
deposited  at  various  growth  temperatures  on  the 
Si(lll)  and  the  Si(OOl)  faces.  The  Kikuchi  patterns  are 


SiCl2  +  H2  *'Si+2HCl  *(^*SiCl2 
HCl 


Fig.  7.  Model  of  SiC  growth  at  higher  than  900  °C:  (a)  adsorbed 
SiCh  molecules  are  decomposed  by  H2  during  SiH2Cl2  supply,  Cl 
atoms  are  desorbed  from  the  surface  of  substrates  and  the  residual  Si 
atoms  are  incorporated  into  the  surface  of  the  substrates;  (b)  then, 
the  additional  SiCh  molecules  are  adsorbed  on  the  surface  of  sub¬ 
strates  during  SiH2Cl2  supply. 


Fig.  8.  ECP  patterns  of  SiC  films  grown  at  various  growth  tempera¬ 
tures  on  the  Si(lll)  and  Si(OOl)  faces. 


clearly  observed  from  the  SiC  films  grown  on  the 
Si(lll)  face  at  above  1000  °C.  When  the  growth  tem¬ 
perature  was  lower  than  950  °C,  insufficient  surface 
migration  seems  to  cause  the  formation  of  polycrys¬ 
talline  SiC  films  [8].  No  Kikuchi  patterns  are  observed 
for  the  SiC  films  deposited  on  the  Si(OOl)  face  at  any  of 
the  growth  temperatures  studied.  The  higher  density  of 
hollow  bridge  sites  on  the  Si(OOl)  face  might  explain 
the  polycrystalline  structure  [11]. 

The  SiC  films  grown  on  the  Si(lll)  faces  at  tempera¬ 
tures  above  1000  ‘'C  have  smoother  surfaces 
than  those  grown  on  Si(OOl)  nm),  as  shown  in 

Fig.  9. 


4.  Conclusions 

The  heteroepit axial  growth  of  3C-SiC  on  Si  sub¬ 
strates  has  been  realized  in  a  hot-wall-type  LPCVD 
reactor  with  an  alternating  supply  of  SiH2Cl2  and  C2H2 
in  the  growth  temperature  range  800-1050  °C.  The 
growth  rate  of  the  SiC  films  increases  with  the  growth 
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Fig.  9.  SEM  images  of  surface  of  SiC  films  grown  on  the  Si(l  1 1)  and 
Si(OOl)  faces  at  various  growth  temperatures. 


temperature  above  900  °C,  while  a  constant  growth  rate 
(4.4  A  cycle' *)  is  obtained  in  the  range  800-900  °C. 

The  SiCl2  molecules  formed  by  the  thermal  decompo¬ 
sition  of  SiH2Cl2  are  adsorbed  onto  the  hollow  bridge 
sites  of  the  substrates  and  change  into  their  stable 
ionized  state.  Subsequently,  the  ionized  SiCl2  may  be 


decomposed  by  introducing  C2H2,  giving  rise  to  SiC 
growth  at  the  constant  rate  of  4.4Acycle“^  in  the 
growth  temperature  range  800-900  °C.  When  the 
growth  temperature  is  above  900  °C,  the  adsorbed  SiCl2 
may  be  decomposed  on  the  surface  of  the  substrates  by 
H2,  resulting  in  the  additional  growth  of  SiC  with  an 
activation  energy  of  26.6  kcal  mol"^ 

Single-crystal  3C-SiC  has  been  grown  on  the  Si(lll) 
face  at  growth  temperatures  above  1000  °C.  No  growth 
of  monocrystalline  3C-SiC  has  been  realized  on  the 
Si(OOl)  face  at  any  of  the  growth  temperatures  studied. 
The  higher  density  of  hollow  bridge  sites  on  the  Si(OOl) 
face  might  cause  the  polycrystalline  structure. 
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layer  source  molecular  beam  epitaxy 


Kinam  Kim,  Si-Don  Choi  and  K.  L.  Wang 

Device  Research  Laboratory,  66-147  Eng.  IV,  MS:  56-125B,  Electrical  Engineering  Department,  University  of  California  at  Los  Angeles, 
Los  Angeles,  CA  90024-1594  (USA) 


Abstract 

Recently  we  have  achieved  successful  growth  of  thin  p-SiC  film  on  Si  substrates  using  gas  source  molecular  beam 
epitaxy  (MBE)  at  low  temperatures  around  850  °C.  In  this  work,  we  have  studied  the  growth  of  p-SiC  film  on  Si 
substrate  using  C2H2  gas  source  MBE.  The  films  grown  with  C2H2  gas  were  analysed  using  various  in  situ  (Auger 
electron  spectroscopy,  reflected  high  energy  electron  diffraction)  and  ex  situ  analysis  tools  (secondary  ion  mass 
spectroscopy  X-ray  photoelectron  spectroscopy,  Fourier  transform  IR,  ellipsometry).  We  also  have  studied  the  C2H2 
gas  reaction  for  potential  SiC  atomic  layer  epitaxy  (ALE)  applications.  The  C2H2  gas  shows  a  useful  self-limiting 
reaction  for  the  ALE  process,  in  that  C2H2  reacts  rapidly  with  the  highly  reactive  Si  surface;  after  forming  p-SiC 
on  the  Si  surface,  the  reaction  of  C2H2  gas  with  Si  drops  rapidly  and  further  reaction  of  SiC  is  almost  quenched. 
Finally,  to  study  further  these  thin  p-SiC  films.  Si  heterojunction  diodes  with  a  thin  pSiC  layer  between  heavily 
doped  n+-type  polysilicon  and  highly  doped  p-type  Si  layers  were  fabricated.  The  L-V  curve  of  these  diodes  shows 
a  reasonably  good  forward  characteristic  and  an  improved  breakdown  voltage  compared  with  those  of  devices 
without  the  thin  p-SiC  film. 


1.  Introduction 

pSiC  has  attracted  much  interest  owing  to  its  many 
outstanding  properties,  such  as  high  electron  mobility 
(1000  cm^  s“0  [1],  high  electron  saturation  velocity 
(2-2.7  X  lO^cms"^)  [2],  high  breakdown  electric  field 
(2-3  X  lO^Vcm'^)  [3],  a  wide  bandgap  (2.2  eV)  [4], 
high  thermal  conductivity,  and  good  mechanical  and 
chemical  stability.  Hence,  pSiC  is  a  promising  semi¬ 
conductor  for  high  temperature,  high  frequency,  high 
power  electronic  devices  and  opto-electronic  devices. 

The  successful  growth  of  pSiC  on  an  Si  substrate  by 
chemical  vapor  deposition  (CVD)  has  been  reported  by 
several  authors  [5,  6].  The  electrical  properties  of  p-SiC 
grown  by  CVD  have  been  intensively  studied,  and  high 
temperature  electronic  devices,  such  as  an  SiC  metallo- 
oxide  semiconductor  field-effect  transistor  [7]  and  an 
SiC  bipolar  transistor  [8],  were  reported.  However,  the 
high  growth  temperature  of  more  than  1000  used  in 
the  works  mentioned  above  causes  the  redistribution  of 
dopants  in  the  Si  substrate,  generation  of  slip  lines, 
wafer  warpage,  and  contamination  from  the  growth 
environment.  Therefore,  this  process  cannot  be  adopted 
in  current  Si  very  large  scale  integration  technology.  To 
achieve  a  lower  growth  temperature  for  j?-SiC,  a  clean 
growth  ambient  and  better  control  are  desirable. 

LFltrahigh  vacuum  molecular  beam  epitaxy  (MBE) 
appears  to  be  attractive.  A  clean  sample  surface  can  be 
easily  prepared  in  the  MBE  environment.  Recently  a 


few  groups  have  reported  pSiC  growth  with  MBE 
at  low  temperatures  of  around  800-1000  °C  using  an 
Si-bearing  gas  source  and  a  hydrocarbon  gas  source 
[9],  or  solid  Si  and  hydrocarbon  gas  sources  [10,  11]. 
The  carbonization  process  using  C2H2  gas  in  gas 
source  MBE  also  has  been  reported  [12].  Although 
the  successful  growth  of  j$-SiC  at  low  temperatures 
was  recently  achieved,  the  electrical  properties  of 
these  films  have  not  been  reported.  In  this  work,  the 
growth  of  pSiC  on  an  Si  substrate  in  MBE  using  a 
C2H2  gas  source  and  a  solid  Si  source  is  presented. 
The  electrical  properties  of  undoped  pSiC  prepared 
with  this  growth  method  was  investigated  using  an 
n^-p'^  Si  diode  with  a  thin  j?-SiC  layer  sandwiched  in 
between. 


2.  Crystal  growth 

The  growth  of  p-SiC  was  carried  out  in  a  gas  source 
MBE  chamber,  which  has  a  base  pressure  of  about 
IQ-ioTorr.  The  growth  of  pSiC  was  performed  using 
a  two-step  growth  method.  Firstly,  a  thin  buffer  layer 
as  formed  by  surface  carbonization  with  the  C2H2  gas 
beam  to  relieve  the  large  lattice  mismatch  (about  20%) 
between  SiC  (4.36  A)  and  Si  (5.43  A).  After  the  car¬ 
bonization  process,  the  Si  molecular  beam  was  turned 
on  under  the  simultaneous  irradiation  of  the  C2H2 
beam  for  the  MBE  SiC  growth. 
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The  Sic  film  was  grown  under  the  following  condi¬ 
tions:  an  Si  beam  flux  of  0.8-2.5  A  a  substrate 
temperature  of  700-900  °C  and  a  growth  pressure  of 
10 “^-5  X  10~^Torr.  The  growth  pressure  was  mainly 
determined  by  the  C2H2  gas  flow  rate  which  was  con¬ 
trolled  by  a  mass  flow  controller.  The  initial  buffer  layer 
and  subsequent  SiC  growth  were  studied  using  in  situ 
reflected  high  energy  electron  dilTraction  (RHEED)  and 
Auger  electron  spectroscopy  (AES),  and  ex  situ  X-ray 
photoelectron  spectroscopy  (XPS),  IR  absorption  mea¬ 
surement  and  scanning  electron  microscopy  (SEM). 

2.1.  Buffer  layer  formation  (carbonization)  process 
In  the  buffer  layer  formation,  the  optimal  carboniza¬ 
tion  conditions  for  the  subsequent  SiC  growth  and  the 
reaction  behavior  of  C2H2  on  the  Si  surface  were 
investigated  with  the  C2H2  beam  irradiation.  The  im¬ 
portance  of  a  thin  buffer  layer  produced  by  carboniza¬ 
tion  as  a  precondition  of  the  subsequent  jl-SiC  growth 
was  studied  in  CVD  growth  [13].  The  optimal  car¬ 
bonization  conditions  in  our  experiment,  as  determined 
by  RHEED,  were  found  to  be  as  follows:  carbonization 
time  of  10  min,  substrate  temperature  of  875  ""C  and 
growth  pressure  L6xlO~^Torr.  Figure  1  shows  the 
evolution  of  the  AES  surface  C  concentration  with 
exposure  to  C2H2  irradiation  for  two  substrate  temper¬ 
atures  of  875  and  1000  ""C.  As  shown  in  Fig.  1,  the  ratio 
of  C  and  Si  concentrations  (C:Si)  in  the  case  of  the 
875  °C  carbonization  temperature  increases  linearly 
from  the  pure  Si  surface  initially  to  presumably  the 
formation  of  SiC  (1:1  C:Si  ratio)  with  the  increase  in 
the  C2H2  beam  exposure.  This  1:1  C:Si  ratio  indicates 
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Fig.  1.  AES  of  the  C  concentration  on  carbonized  surface  w.  C2H2 
beam  exposure  time  during  the  carbonization  process.  The  experi¬ 
ments  were  conducted  at  a  growth  pressure  of  1.6  X  lO'^Torr  and 
growth  temperatures  of  875  and  1000  °C. 


an  SiC  stoichiometric  composition.  A  further  increase 
in  the  C2H2  beam  irradiation  does  not  seem  to  change 
the  C:Si  ratio.  The  thickness  meaurement  of  the  SiC 
layers  using  ellipsometry  shows  the  saturation  of  the 
film  thickness  after  exposure  for  30  min.  For  example, 
the  film  thickness  of  the  SiC  layer  irradiated  for  30  min 
is  almost  the  same  as  that  for  irradiation  for  60  min 
(about  100  A  by  ellipsometry  measurement).  From  the 
AES  and  thickness  measurements,  it  is  suspected  that 
the  C2H2  gas  rapidly  reacts  with  the  highly  reactive 
Si  surface.  After  forming  j?-SiC  on  the  Si  surface,  the 
reaction  of  the  C2H2  gas  with  Si  drops  rapidly  and 
further  formation  of  SiC  stops  almost  completely.  This 
‘self-limiting’  reaction  of  the  C2H2  beam  on  the  Si 
substrate  may  be  useful  for  group  IV  epitaxial  growth 
involving  Si,  Ge  and  C.  However,  this  kind  of  reaction 
behavior  of  the  C2H2  gas  beam  on  the  Si  substrate 
was  not  observed  at  a  carbonization  temperature  of 
1000  °C.  At  1000  °C,  first,  the  C:Si  concentration  ratio 
seems  to  increase  linearly  from  the  pure  Si  surface  to 
1:1,  with  the  increase  of  the  exposure  time  to  the  C2H2 
beam.  Then,  the  C  concentration  drops  from  the  stoi¬ 
chiometric  composition  with  continuous  exposure  to 
the  C2H2  beam.  This  is  probably  due  to  the  reduced 
sticking  coefficient  of  the  C2H2  and  the  enhanced  Si 
diffusion  from  bulk  Si  at  high  temperature.  This  re¬ 
duced  reaction  at  high  temperature  was  reported  also  in 
the  case  of  C2H4  exposure  on  the  Si  substrate  [14]. 

According  to  the  ellipsometry  measurements,  the  SiC 
layer  obtained  in  the  optimized  carbonization  process  is 
less  than  100  A  thick.  This  thickness  is  too  thin  to  be 
useful  for  device  applications.  Therefore,  we  have  inves¬ 
tigated  the  SiC  growth  on  the  thin  carbonized  layer 
using  the  C2H2  gas  beam  and  a  solid  Si  source. 

2.2.  Growth  of  SiC 

After  performing  the  optimum  surface  carbonization 
using  the  conditions  described  previously.  The  Si 
molecular  beam  was  turned  on  while  the  substrate  was 
continuously  exposed  to  the  C2H2  gas  in  order  to 
obtain  thick  SiC  layers.  The  properties  of  the  resulting 
SiC  films  were  studied  using  RHEED,  XPS,  X-ray 
diffraction,  IR  absorption,  and  ellipsometry  measure¬ 
ments.  Figure  2  shows  a  typical  IR  absorption  spectrum 
using  Fourier  transform  (FT)  for  the  film  grown  at 
875  °C.  The  other  growth  conditions  are  as  follows:  Si 
flux  of  0.8As“\  growth  presssure  of  1.6  x  10"^Torr 
and  growth  time  of  30  min.  As  shown  in  Fig.  2,  the 
data  show  only  one  strong  absorption  peak  at  794  cm“^ 
(12.6  pm)  with  a  narrow  full  width  at  half-maximum 
(FWHM)  of  28cm"\  owing  to  the  Si-C  stretching 
vibration  of  SiC.  The  sharp  absorption  peak  at 
794  cm  (12.6  pm)  indicates  that  the  film  has  the  stoi¬ 
chiometric  composition  with  no  other  products  being 
deposited  in  the  reaction  between  C2H2  and  Si. 
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Absorption  Spectrum  of  SiC  by  FTIR 


Wave  number  { cm'^ ) 


Fig.  2.  Typical  IR  absorption  spectrum  of  p-SiC  film  obtained  by 
FTIR.  The  film  was  grown  at  a  growth  temperature  of  875  °C,  Si  flux 
of  0.8  A  s^’  and  growth  pressure  of  1.6  x  10“^Torr  for  a  growth 
time  of  30  min. 


The  crystalline  structure  was  verified  by  X-ray  dif¬ 
fraction  meaurement  and  RHEED  observation.  Figure 
3  shows  the  X-ray  spectrum  of  the  sample  grown  on 
Si(lll)  at  900  °C  for  30  min  with  an  Si  beam  flux  of 
0.8  A  s"^  and  a  growth  pressure  of  1.6  x  10~^  Torr. 
This  sample  is  approximately  0.1  pm  thick  as  deter¬ 
mined  by  ellipsometry  measurements.  As  shown  in  Fig. 
3,  this  film  is  <lll>-oriented  pSiC  and  has  a  narrow 
FWHM  (0.40°).  The  RHEED  pattern,  X-ray  diffrac¬ 
tion  and  IR  absorption  data  support  the  growth  of 
single-crystalline  jS-SiC  under  the  conditions  mentioned 
above. 

The  films  grown  at  a  high  growth  rate  resulted  in  a 
polycrystalline  structure.  Figure  4  shows  the  RHEED 
patterns  of  relatively  thin  SiC  (2000  A)  and  relatively 


X-ray  Diffraction  Spectrum  of  SiC  Film 


Fig.  3.  X-ray  diffraction  measurement  of  an  SiC  film  grown  at  900  °C. 


(a) 


(b) 

Fig.  4.  RHEED  patterns  of  SiC  films  on  an  Si  substrate:  (a)  2000  A 
thick;  (b)  1  pm  thick. 


thick  SiC  (1  pm).  As  shown  in  Fig.  4,  the  thin  SiC  film 
appears  to  have  maintained  the  single-crystalline  ^-SiC 
structure,  while  the  thick  SiC  film  is  polycrystalline. 
The  surface  morphology  of  the  samples  described  in 
Fig.  4  was  obtained  with  SEM  as  shown  in  Fig.  5.  The 
polycrystalline  nature  of  the  thick  films  (about  1  pm)  is 
not  clear  but  it  is  believed  to  be  due  to  three-dimen¬ 
sional  growth  arising  from  the  misfits  or  dislocations 
which  can  occur  owing  to  the  large  lattice  mismatch 
between  SiC  and  Si.  To  check  further  whether  this 
polycrystalline  film  is  stoichiometric  SiC  or  an  SiC -Si 
mixture,  the  composition  of  the  film  is  evaluated  by 
XPS  depth  profiling.  The  results  in  Fig.  6  clearly  show 
that  the  polycrystalline  film  has  the  stoichiometric  SiC 
composition  within  experimental  accuracy. 

The  electrical  properties  of  the  ^-SiC  films  grown 
with  this  technique  were  characterized  using  hot 
thermal  probe,  I-V  and  C~V measurements.  It  is  well 
known  that  an  unintentionally  doped  j?-SiC  film  grown 
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(b) 

Fig.  5.  SEM  surface  morphology  of  SiC  films  corresponding  to  those 
in  Fig.  4. 


Atomic  Concentration  by  XPS  Depth  Profile 


Fig.  6.  XPS  depth  profiling  of  a  thick  (3000  A)  polycrystalline  SiC 
film. 


on  an  Si  substrate  by  CVD  gives  an  n-type  behavior 
with  a  residual  donor  concentration  of  around 
10^^cm"^  regardless  of  the  Si  substrate  doping  type 
[15].  The  cause  of  this  unintentional  n-type  doping  in 
jS-SiC  is  not  well  established.  Residual  nitrogen  doping 
from  the  growth  environment  of  CVD  systems  or  non- 
stoichiometric  defects  [16]  were  suspected.  In  our  case, 
the  unintentionally  doped  jS-SiC  films  grown  during 
MBE  are  almost  intrinsic  with  high  resistivity  although 
the  films  grown  on  a  p-type  Si  substrate  have  a  p-type 
residual  doping  as  determined  by  hot  thermal  probe 
measurements.  Likewise,  films  grown  on  an  n-type  Si 
substrate  have  a  low  residual  donor  concentration,  as 
determined  by  C-  V  measurements.  The  detailed  electri¬ 
cal  properties  of  undoped  SiC  films  are  currently  under 
investigation.  To  determine  the  device  grade  quality  of 
the  film,  we  have  fabricated  simple  n+-p+  diodes  with 
a  thin  jS-SiC  layer. 


3.  p-n  junction  diode  with  a  thin  ^-SiC  layer 

The  current  state-of-the-art  Si  bipolar  junction  tran¬ 
sistor  (BJT)  used  heavily  doped  n^  poly  silicon  as  the 
emitter  and  a  very  shallow,  highly  doped  p"^  Si  as  the 
base  to  achieve  high  speed  performence.  The  improve¬ 
ment  in  the  current  gain  achieved  by  inserting  a  very 
thin  oxide  layer  between  the  n+  poly  silicon  emitter  and 
the  shallow  p"^  base  in  a  BJT  has  been  reported  [17]. 
The  improvement  in  the  gain  in  this  structure  was 
attributed  to  the  reduction  in  hole  injection  owing  to 
the  high  valence  band  offset  (about  4.0  eV)  between  Si 
and  Si02.  However,  the  high  emitter  resistance  of  this 
structure  is  one  of  the  major  drawbacks.  Replacing  the 
Si02  with  a  thin  jS-SiC  layer  is  a  good  choice  in 
improving  Si  BJTs  owing  to  the  reduction  in  hole 
injection  and  a  small  emitter  resistance,  which  can  be 
obtained  by  using  the  relatively  large  valence  band 
offset  voltage  (about  0.8  eV)  and  small  conduction 
band  offset  voltage  (about  0.3  eV)  [18]. 

The  feasibility  of  using  a  thin  ji-SiC  film  in  Si  BJTs 
was  studied  by  fabricating  heterojunction  p'^-n^ 
diodes  with  a  thin  ^-SiC  film.  For  performance  com¬ 
parison,  conventional  p^-n^  Si  diodes  without  jS-SiC 
also  were  fabricated  using  the  same  growth  condi¬ 
tions.  The  p*^  region  is  a  heavily  B-doped  Si  substrate 
(10^^  cm”^)  and  the  n^  region  is  a  heavily  Sb-doped 
polycrystalline  film  deposited  after  the  thin  j3-SiC  film 
growth.  The  film  thickness  of  the  jS-SiC  is  about  100  A, 
as  determined  by  the  ellipsometry  measurements.  Fig¬ 
ure  7  shows  the  I~~V  curves  of  the  diode  with  and 
without  the  thin  jS-SiC  film.  The  forward  characteristics 
of  both  types  of  diode  (with  and  without  the  thin  ^-SiC 
layer)  are  comparable.  For  the  Si  diode  (without  the 
j8-SiC  layer),  a  small  reverse  breakdown  voltage  result- 
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(b) 

Fig.  7.  I-V characteristics  of  n^-p"^  diodes  without  (a)  and  with  (b) 
the  SiC  layer  in  between.  /  axis  is  0. 1  mA/division,  V axis  is  1  V/division. 


ing  from  tunnelling  between  the  n^  poly  silicon  and  the 
substrate  is  observed,  as  shown  in  Fig.  7(a).  As 
shown  in  Fig.  7(b),  the  reverse  breakdown  voltage  was 
improved  by  inserting  an  undoped  layer  100  A 

thick.  The  improvement  is  believed  to  be  due  to  the 
increase  in  the  tunnelling  barrier  width  with  the  inser¬ 
tion  of  the  undoped  thin  jS-SiC.  To  study  further  the 
heterojunction  between  the  Si  and  j5-SiC,  other  device 
structures,  such  as  heterojunction  bipolar  transistors, 
are  being  investigated. 

4.  Conclusions 

The  growth  of  single-crystalline  pSiC  was  performed 
using  a  solid  Si  source  and  a  C2H2  gas  beam.  The 
carbonization  process  and  subsequent  growth  of  SiC 


were  studied  using  various  analysis  tools.  The  SiC  films 
grown  by  this  method  show  that  films  below  2000  A 
thick  are  single  crystalline;  however,  thick  films  are 
polycrystalline.  To  check  the  film  quality,  p'^-n^ 
diodes  with  and  without  a  )8-SiC  layer  were  fabricated. 
In  the  case  of  an  n + (polysilicon) -p"^  heterojunction 
with  the  thin  /?-SiC  layer,  improved  reverse  I~V  char¬ 
acteristics  are  observed  along  with  reasonably  good 
forward  characteristics  when  compared  with  the  diode 
without  the  thin  /?-SiC  layer.  A  self-limiting  reaction  of 
the  C2H2  reaction  with  the  Si  substrate  at  around 
875  °C  is  observed  and  can  be  useful  for  group  IV  ALE 
applications.  Such  methods  may  be  applied  for  the 
growth  of  many  new  material  combinations,  such  as 
Si/Ge/Si/SiC,  etc. 
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Abstract 

Atomic  layer  epitaxy  of  cubic  SiC  was  investigated  to  examine  gas  reactions  on  the  surface  at  high  temperature  using 
Auger  electron  spectroscopy  and  low  energy  electron  diffraction.  Self-limiting  growth  at  one  and  one-third  atomic 
monolayers  at  1050  °C  was  observed  for  exposure  of  a  carbon-terminated  surface  to  Si2H6,  and  self-limiting  growth 
at  just  one  atomic  monolayer  was  observed  for  exposure  of  a  silicon-saturated  surface  to  C2H2.  It  was  also  found 
that  the  extra  partial  silicon  layer  of  the  silicon-saturated  surface  desorbs  during  C2H2  exposure.  By  alternating 
exposure  to  Si2H6  and  C2H2,  accurate  layer-by-layer  growth  is  achieved.  In  this  system,  the  spontaneous  atomic 
layer  desorption  of  silicon  which  occurs  during  C2H2  exposure  is  consistent  with  the  nature  of  exact  atomic  layer 
epitaxy. 


1.  Introduction 

Recent  chemical  vapor  deposition  (CVD)  techniques 
for  the  preparation  of  silicon  carbide  using  the  buffer 
layer  technique  [1,2]  produce  excellent  cubic  SiC  (3C- 
SiC  or  P-SiC)  epitaxial  layers  on  silicon  (001)  sub¬ 
strates.  The  high  quality  of  this  epitaxial  P-SiC  has 
motivated  us  to  study  applications  of  multi-heteroepi¬ 
taxy  such  as  Si/SiC/Si/SiC  .  . . ,  6H/3C/6H/3C  .  .  . ,  etc. 
which  are  new  materials  with  controllable  band  gaps. 
However,  there  are  no  reports  on  precisely  controlled 
epitaxy  that  could  provide  us  with  a  physical  basis  for 
creating  these  structures. 

In  general,  the  simultaneous  precursor  gas  supply 
used  for  most  CVD  growth  involves  complex  mecha- 
nism(s)  that  make  understanding  the  nature  of  the 
resultant  epitaxy  difficult.  In  contrast,  in  atomic  layer 
epitaxy  (ALE),  single  or  alternating  precursor  supplies 
are  directed  onto  a  substrate.  In  terms  of  growing  a 
multilayer,  one  of  the  most  important  and  interesting 
phenomena  is  self-limiting  growth  required  for  ALE, 
where  growth  from  each  precursor  stops  at  a  coverage 
of  one  monolayer.  When  a  self-limiting  phenomenon  is 
found  on  a  particular  surface,  then  ALE  becomes  possi¬ 
ble.  In  a  material  composed  of  two  elements  such  as 
SiC,  ALE  requires  self-limiting  growth  for  each  gas 
supply. 

Fuyuki  et  al.  reported  achieving  ALE  of  P-SiC  [3]. 
They  demonstrated  homoepitaxial  growth  of  P-SiC  at 
1000  °C  by  alternating  supplies  of  Si2H6  and  C2H2 
under  a  partial  pressure  of  5  x  10“^  Torr.  They  ob¬ 
served  an  increase  in  growth  rate  per  cycle  when  the 


Si2H6  flux  was  increased.  In  other  words,  self-limiting 
growth  was  not  present. 

To  investigate  one  monolayer  deposition,  knowledge 
of  surface  elemental  compositions  and  surface  atomic 
configurations  is  required.  We  have  reported  correla¬ 
tions  between  low  energy  electron  diffraction  (LEED) 
reconstruction  phases  and  surface  compositions  of  P- 
SiC(OOl)  [4].  (2x1)  and  c(4  x  2)  phases  have  a  full 
silicon  top  layer,  whereas  the  c(2  x  2)  phase  has  a  full 
carbon  top  layer.  The  (3x2)  and  (5x2)  phases  have 
additional  dimer  rows  on  top  of  a  silicon-terminated 
crystal. 

In  this  work,  we  investigate  the  feasibility  of  ALE  of 
P-SiC  crystals  by  alternating  exposure  to  C2H2  and 
S^H,. 

2.  Experimental  details 

P-SiC  samples  were  grown  on  an  Si(OOl)  wafer  by 
CVD  using  the  buffer  layer  technique  in  order  to  relax 
strain  resulting  from  the  lattice  mismatch  between  the 
silicon  substrate  and  P-SiC  overlayer.  The  details  of 
such  growth  have  been  described  elsewhere  [5].  The 
thickness  of  the  heteroepitaxial  P-SiC  layer  was  about 
2  pm. 

The  samples  were  degreased  in  trichloroethylene,  fol¬ 
lowed  by  an  HE  rinse  to  remove  the  native  oxide.  After 
cleaning,  the  samples  wre  annealed  at  1150  °C  for 
10  min  by  direct  current  heating  in  an  ultrahigh  vacuum 
chamber  (base  pressure  5  x  10“^^  Torr)  equipped  with 
LEED  and  Auger  electron  spectroscopy  (AES)  instru- 
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mentation.  After  this  treatment,  a  sharp  c(2  x  2)  LEED 
pattern  was  always  observed  at  room  temperature.  In 
the  previous  work  [4],  the  c(2  x  2)  pattern  was  found  to 
be  a  full  carbon  top  layer  without  any  contamination 
and  oxygen. 

A  silicon  atomic  layer  was  grown  on  a  carbon-termi¬ 
nated  c(2  X  2)  sample  surface  at  1050  °C  by  exposure  to 
Si2H5  at  a  partial  pressure  of  1  x  10"^  Torr.  After  every 
20  s  of  Si2H6  exposure,  the  gas  supply  was  stopped  and 
the  sample  was  cooled  down  to  room  temperature  to 
observe  the  surface  reconstruction  using  LEED  and  the 
surface  composition  using  AES.  Subsequently,  the  tem¬ 
perature  was  again  raised  to  1050  and  the  gas  supply 
restarted. 

A  carbon  atomic  layer  was  grown  at  1050  °C  by 
exposure  to  C2H2  at  a  partial  pressure  of  1  x  10“^  Torr 
on  the  silicon-covered  (3x2)  sample  prepared  by  Si2H6 
exposure.  The  surface  characterization  procedure  was 
the  same  as  for  Si2H6. 

Not  only  the  presence  of  self-limiting  mechanism(s), 
but  also  the  feasibility  of  actual  ALE  was  investigated 
by  alternating  exposure  to  Si2H6  and  C2H2. 

3.  Results  and  discussion 

3.1.  Silicon  self -limiting  growth 

Figure  1  shows  surface  composition  vs.  Si2H6  expo¬ 
sure  time  on  a  P-SiC(001)-c(2  x  2)  carbon-terminated 
surface.  The  vertical  axis  indicates  the  AES  peak-to- 
peak  ratio  of  Si  LW  to  C  KLL.  The  [Si]/[C]  ratio 
increases  from  the  initial  clean  c(2  x  2)  surface  to  the 
(3  X  2)  surfaces  with  increasing  exposure  time.  The 
AES  energy  analyser  was  set  at  a  relatively  shallow 
angle  (24°)  from  the  horizontal  axis  of  the  sample  so 
that  the  signals  detected  were  more  surface  sensitive. 
The  changes  in  the  phases  and  the  [Si]/[C]  ratios  from 
the  c(2  X  2)  to  the  (3  x  2)  surface  correspond  to  the 
change  in  surface  composition  from  a  carbon-termi¬ 
nated  to  a  silicon-covered  surface.  We  believe  that  this 
change  occurred  by  epitaxial  growth  of  a  silicon  mono- 
layer  on  the  carbon- terminated  surface. 

Saturation  of  the  composition  in  the  (3  x  2)  region  is 
seen  in  the  figure.  The  LEED  pattern  did  not  change  in 
the  saturation  region.  These  phenomena  are  attributed 
to  the  self-limiting  growth  of  silicon  on  the  carbon-ter¬ 
minated  surface. 

The  thickness  of  the  deposited  silicon  film  was  esti¬ 
mated  at  about  1.3  ML  (atomic  monolayer)  because  the 
(3x2)  surface  consists  of  a  full  1  ML  with  an  addi¬ 
tional  1/3  ML  of  silicon  on  top  of  the  carbon  layer  [4]. 

The  pattern  changes  from  the  initial  carbon-termi¬ 
nated  c(2  X  2)  phase  to  the  final  silicon-saturated 
(3  X  2)  phase  through  (1x1)  and  (2  x  1),  which  is 
consistent  with  our  previous  work  on  phase  changes  at 


Fig.  1 .  The  transition  of  elemental  composition  from  the  carbon-ter¬ 
minated  to  the  silicon-covered  surface  by  exposure  to  Si2H6  at 
1050  °C.  The  initial  c(2  x  2)  surface  is  carbon  terminated.  The  (3x2) 
surface  is  silicon  covered.  Saturation  of  the  composition  in  the  (3  x  2) 
region  suggests  silicon  self-limiting  growth  on  the  carbon-terminated 
c(2  X  2)  surface. 

a  high  temperature  using  medium  ion  energy  scattering 
spectroscopy  (MEIS),  except  that  a  (5x2)  phase  be¬ 
tween  the  (3  X  2)  and  the  (2  x  1)  phases  was  observed 
in  previous  experiments  [4].  Since  the  (5x2)  phase 
requires  long-range  correlation  among  additional  dimer 
rows,  skipping  the  (5  x  2)  phase  is  probable. 

On  the  Si(OOl)  surface,  the  silane  family  (SiH4, 
Si2H6,  S^Hg^etc.)  forms  epitaxial  films  without  self- 
limiting  growth  [6-8].  A  significant  difference  in  growth 
conditions  between  those  used  for  Si(OOl)  and  those  for 
SiC(OOl)  is  the  growth  temperature.  Epitaxial  growth 
on  Si(OOl)  is  usually  done  at  temperatures  of  700- 
800  °C  [6,  7],  which  is  considerably  lower  than  our 
growth  temperature  of  1050  ^C.  In  general,  at  a  higher 
temperature,  surface  atoms  tend  to  dissociate  owing  to 
the  increase  in  their  kinetic  energy,  resulting  in  gas 
desorption.  At  the  same  time,  the  precursor(s)  appar¬ 
ently  experience  no  reaction  with  the  surface.  At  a 
lower  temperature,  surface  atoms  and  the  precursor 
atoms  receive  insufficient  energy  to  form  gaseous  prod¬ 
ucts,  leading  to  no  reaction  (slow  growth),  polycrys¬ 
talline  or  amorphous  deposition.  The  best  temperature 
for  ALE  growth  on  (i-SiC(OOl)  is  about  300  °C  higher 
than  that  used  on  the  Si(OOl)  surface.  At  700-800  °C 
on  the  P-SiC(OOl)  surface,  silicon  deposition  may  not 
be  self-limiting  and  may  continue  after  1  ML  of  deposi¬ 
tion,  leading  to  polycrystalline  or  amorphous  material 
since  the  surface  dissociation  of  excess  silicon  that 
seems  to  be  the  main  cause  of  self-limiting  growth 
hardly  occurs,  compared  with  the  rate  of  dissociation  at 
1050  °C. 

3.2.  Carbon  self -limiting  growth 

Figure  2  shows  the  surface  composition  vs.  C2H2 
exposure  time  on  a  p-SiC(001)-(3  x  2)  silicon-covered 
surface.  The  initial  silicon-covered  (3x2)  phase 
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C2H2  exposure  time  [min] 

Fig.  2.  The  transition  of  elemental  composition  from  the  silicon-cov¬ 
ered  to  the  carbon-terminated  surface  by  exposure  to  C2H2  at 
1050  °C.  Saturation  of  the  composition  in  the  c(2  x  2)  region  suggests 
carbon  self-limiting  growth  on  the  silicon-covered  (3x2)  surface. 
The  dotted  lines  indicate  a  mixed  region  of  (3  x  2)  and  c(2  x  2). 


changes  into  the  carbon-terminated  c(2  x  2)  phase  after 
80  s  exposure.  The  AES  peak-to-peak  ratio  of  Si  LVV 
to  C  KLL  decreases  with  the  surface  phase  transition, 
subsequently  reaching  a  constant  value  at  the  c(2  x  2) 
region.  We  believe  that  about  1  ML  carbon  is  deposited 
epitaxially  onto  the  silicon-saturated  (3x2)  surface 
during  the  transition,  followed  by  termination  of 
growth.  Evidently,  the  termination  of  growth  is  at¬ 
tributed  to  the  self-limiting  growth  of  carbon  on  the 
silicon-saturated  surface,  similar  to  the  silicon  self-limit¬ 
ing  growth  discussed  in  the  previous  section. 

The  straight  line  without  data  scattering  in  the 
c(2  X  2)  region  suggests  that  the  c(2  x  2)  phase  is  a 
somewhat  stabler  structure  that  the  (3x2)  structure 
shown  in  Fig.  1.  We  observed  that  the  c(2  x  2)  phase 
continues  up  to  1200  s,  followed  by  a  new  (1x1) 
phase.  The  c(2  x  2)  region  has  a  much  longer  lifetime 
than  the  transition  region  from  the  (3x2)  to  the 
c(2  X  2),  so  one  can  distinguish  the  c(2  x  2)  phase  from 
the  (1  X  1),  much  more  conveniently  for  ALE.  In  other 
words,  the  ALE  window  for  the  precursor  dose  is  very 
wide  in  this  system.  The  (1x1)  phase  that  appears 
after  the  c(2  x  2)  has  been  reported  by  Kaplan  [9]  and 
by  Parrill  et  al.  [10].  From  their  electron  energy  loss 
spectroscopy  measurements,  they  concluded  that  this 
(1  X  1)  phase  has  the  graphite  structure.  In  our  experi¬ 
ment,  no  evidence  of  this  carbon  structure  was  found. 

Estimating  the  carbon  growth  thickness  on  the 
(3  X  2)  surface  is  more  complicated  than  for  silicon 
because  the  initial  (3x2)  surface  has  the  additional 
silicon  dimer  layer  with  1/3  ML  thickness,  which  could 
be  an  obstruction  to  growing  the  next  atomically  flat 
c(2  X  2)  carbon  surface.  If  the  additional  1/3  layer 
remained  during  deposition  of  the  carbon  atoms,  the 
resulting  surface  should  have  an  atomic  corrugation 


Fig.  3.  (3x2)  LEED  patterns  before  and  after  ALE:  (a)  a  disordered 
(3x2)  surface  formed  by  exposure  to  atomic  hydrogen,  followed  by 
an  anneal  to  desorb  the  hydrogen;  (b)  a  well  ordered  (3x2)  surface 
after  four  cycles  of  ALE.  An  improvement  in  the  crystal  surface 
quality  is  observed  as  a  result  of  ALE. 


with  a  different  atomic  configuraton  from  the  normal 
c(2  X  2)  structure.  However,  we  observed  a  typical 
c(2  X  2)  pattern  after  80  s  C2H2  exposure,  as  shown  in 
Fig.  2.  This  is  evidence  that  the  resulting  c(2  x  2) 
surface  has  no  extra  silicon  atoms  just  below  the  top¬ 
most  grown  carbon  layer.  This  implies  that  the  addi¬ 
tional  silicon  atoms  desorb  during  C2H2  exposure  at 
1050  °C.  Therefore,  we  estimate  the  carbon  growth 
thickness  at  exactly  1  ML. 

3.3.  Accurate  layer-by-layer  growth 
The  feasibility  of  actual  ALE  was  investigated  by 
several  cycles  of  alternating  exposure  of  an  SiC  sample 
at  1050  °C  to  Si2H6  and  C2H2.  The  gas  partial  pres¬ 
sures  were  1  x  10"^  Torr.  The  exposure  time  for  each 
gas  was  3  “5  min  which  is  adequate  for  growth  satura¬ 
tion.  After  each  gas  exposure,  the  sample  temperature 
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was  reduced  to  room  temperature,  and  a  LEED  pattern 
was  observed,  before  raising  the  sample  temperature  up 
to  1050  °C  again.  The  purge  time  for  each  gas  was 
about  5  min,  including  the  LEED  observation  time, 
which  reduces  the  pressure  to  around  1  x  10"^  Torn 
We  observed  repetition  of  the  typical  (3x2)  and 
c(2  X  2)  LEED  patterns  during  the  alternating  expo¬ 
sures.  This  indicates  that  ALE  is  achieved  under  these 
conditions.  This  is  due  to  spontaneous  desorption  of 
the  additional  silicon  layer  during  C2H2  exposure. 

An  improvement  in  surface  ordering  is  observed  fol¬ 
lowing  several  cycles  of  sequential  alternating  exposures 
to  the  two  gases  without  reducing  the  temperature  as 
shown  in  Fig.  3.  Figure  3(a)  is  a  LEED  pattern  before 
ALE.  This  surface  was  formed  by  exposing  a  (3x2) 
sample  to  atomic  hydrogen  at  1  x  10“^  Tor r  was  some 
minutes,  followed  by  hydrogen  desorption  at  a  high 
temperature  around  1150  ""C.  The  streaks  observed  for 
all  spots  correspond  to  surface  atom  disordering  caused 
by  the  hydrogen  exposure.  Note  that  the  high  tempera¬ 
ture  anneal  at  1150  °C  does  not  improve  the  streaking. 
As  this  surface  seems  to  have  no  hydrogen,  the  surface 
disordering  is  caused  by  surface  silicon  disordering 
itself. 

After  four  cycles  of  ALE,  the  surface  ordering  was 
improved  greatly,  as  shown  in  Fig.  3(b)  where  the 
streaks  disappear  entirely.  This  demonstrates  that  ALE 
in  this  system  has  the  effect  of  improving  the  crystal 
quality.  In  addition,  the  growth  temperature  of  p-SiC  at 
1050  °C  is  much  lower  than  the  usual  growth  tempera¬ 
ture  of  around  1350  °C  CVD.  This  is  another  advan¬ 
tage  of  the  ALE  method  in  this  system. 

The  silicon  desorption  during  C2H2  exposure  may  be 
attributed  to  weak  bonding  between  the  additional 
silicon  atoms  and  the  silicon  atoms  underneath.  Takai 
et  al.  [ll]  found,  from  numerical  calculations,  that  the 
Si-Si  and  the  Si-C  surface  bond  energies  are  2.817  eV 
and  3.895  eV  respectively.  This  suggests  that  Si-Si 
bonds  between  the  top  additional  silicon  atoms  and  the 
silicon  atoms  in  the  second  layer  are  considerably 
weaker  than  bulk  Si-C  bonds.  This  weak  adsorption  of 
the  additional  silicon  atoms  seems  to  be  the  cause  of  the 
desorption  under  C2H2  exposure  at  the  high  tempera¬ 
ture  of  1050  °C. 

We  predict  that  there  will  be  ALE  with  spontaneous 
desorption  of  an  extra  layer  in  other  systems.  In  a 
stoichiometric  compound  semiconductor,  one  con¬ 
stituent  atom  A  tends  to  bond  with  the  other  con¬ 
stituent  atom  B  energetically.  Therefore,  if  an  extra 


layer  of  A  is  present  on  one  monolayer  of  A,  the  other 
constituent  B  should  purge  the  extra  A  layer.  At  the 
corner  of  an  ALE  window  with  a  growth  rate  of  over 

I  ML  per  cycle,  it  appears  that  there  is  often  an  extra 
layer  A  which  desorbs  during  supply  of  B,  resulting  in 
growth  of  1  ML  per  cycle. 

4.  Conclusions 

We  have  found  that  the  P-SiC(OOl)  surface  has  self- 
limiting  mechanisms  of  growth  for  both  the  silicon 
surface  and  the  carbon  surface.  Silicon  growth  by  Si2H6 
exposure  at  1050  °C  under  lxl0“^Torr  onto  the 
c(2  X  2)  carbon-terminated  surface  ends  at  1.3  ML 
growth,  producing  a  (3x2)  silicon-covered  surface. 
Carbon  growth  by  C2H2  exposure  onto  the  (3x2) 
surface  under  the  same  conditions  as  Si2H6  exposure 
ends  at  1  ML  growth,  producing  a  c(2  x  2)  carbon 
surface. 

Further,  alternative  exposures  of  Si2H6  and  C2H2 
achieve  accurate  layer-by-layer  growth,  which  is  due  to 
the  spontaneous  atomic  layer  desorption  of  silicon  dur¬ 
ing  C2H2  exposure. 
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Abstract 

GaN  films  have  been  grown  on  (OOOl)si  SiC  substrates  from  triethylgallium  and  ammonia  sources  using  a 
self-terminating  atomic  layer  epitaxy  method,  as  well  as  a  layer-by-layer  technique  and  a  novel  reactor  design 
employing  hot  filaments  to  decompose  the  ammonia.  The  material  properties  and  growth  process  were  strongly 
dependent  on  the  temperature  and  exposure  time.  GaN  grew  in  a  self- terminating  fashion  for  temperatures  below 
120  '"C  but  the  films  were  amorphous.  Above  this  temperature,  the  films  were  deposited  in  a  layer-by-layer  process 
giving  single-crystal  material  in  the  250-350  °C  range.  Characterization  of  the  films  was  conducted  using  reflection 
high  energy  electron  diffraction,  single-crystal  X-ray  diffraction,  ellipsometry  and  high  resolution  transmission 
electron  microscopy. 


1.  Introduction 

The  potential  optoelectronic  applications  of  wide 
bandgap  materials  have  stimulated  considerable  re¬ 
search  concerned  with  thin  film  growth,  characteriza¬ 
tion  and  device  development  of  the  III-V  nitrides, 
namely  cubic  BN,  AIN,  GaN  and  InN.  Of  this  family, 
GaN  has  been  the  most  thoroughly  studied.  Measures 
of  the  potential  of  GaN  are  revealed  by  its  high  John¬ 
son  and  Keyes  figures  of  merit  of  80.0  x  10^^  and 
4.2  X  10^,  respectively,  compared  with  4.75  x  10^*  and 
2.39  X  10^  for  Si  [1].  GaN  usually  forms  in  a  wurtzite 
structure  with  a  bandgap  of  3.4  eV  [2].  However,  re¬ 
cently  several  groups  [3-6]  have  deposited  films  of 
the  cubic  (zinc  blende  structure)  j6-GaN  which  has 
a  smaller  bandgap  of  3.26  eV.  As  the  wurtzitic  poly¬ 
type  of  GaN  forms  continuous  solid  solutions  with 
both  AIN  and  InN  which  have  bandgaps  of  6.2  eV  [7] 
and  1.9  eV  [8],  respectively,  materials  with  engineered 
bandgaps  may  be  produced  for  the  construction  of 
optoelectronic  devices  active  from  the  visible  to  deep 
UV  frequencies. 

A  major  difficulty  in  the  growth  of  thin  films  of  GaN 
is  the  lack  of  suitable  substrates.  The  lattice  parameters 
and  coefficients  of  thermal  expansion  are  given  in  Table 
1  for  GaN  and  the  most  common  substrate  materials  of 
Si,  SiC  (6H  and  3C),  sapphire,  ZnO  and  GaAs.  With 
the  possible  exception  of  the  basal  planes  of  a(6H)-SiC 
and  ZnO,  none  of  these  materials  is  suitable  for  the 


two-dimensional  epitaxial  growth  of  GaN.  However, 
films  have  been  grown  on  all  these  materials  by  several 
techniques,  including  chemical  vapor  deposition  (CVD) 
[10],  metal -organic  CVD  (MOCVD)  [11,  12],  reactive 
molecular  beam  epitaxy  (RMBE)  [13]  and  electron 
cyclotron  resonance  (ECR)  microwave  plasma-assisted 
MBE  [3,  5].  Films  deposited  on  a(6H)-SiC(0001),  sap¬ 
phire  and  ZnO  normally  have  the  wurtzite  structure  [3]; 
films  deposited  on  j5-SiC(100)  [3],  GaAs(lOO)  [6]  and 
Si(lOO)  [5]  usually  possess  the  zinc  blende  structure. 

Although  atomic  layer  epitaxy  (ALE)  was  first  devel¬ 
oped  by  Suntola  and  Antson  for  the  deposition  of 


TABLE  1.  Physical  properties  of  GaN  and  potential  substrate  mate¬ 
rials  [9] 


Material 

Lattice  parameter 

Coefficient  of 
thermal  expansion 
(K->) 

a  (A) 

c(A) 

GaN 

3.189 

5.185 

5.59  X  10-^ 

3.17  X  10-^ 

Si 

5.43 

3.59  X  10-'^ 

a(6H)-SiC 

3.08 

15.12 

4.2  X  10-* 

4.7  X  10“'" 

iS(3C)-SiC 

4.36 

2.7  X  lO-'^ 

AI2O3 

4.758 

12.991 

7.5  X 

8.5  X  10-^ 

ZnO 

3.252 

5.213 

2.9  X  10-'’ 

4.75  X  10-® 

GaAs 

5.653 

6.0  X  10-‘ 
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polycrystalline  ZnSe  on  glass  substrates  [14],  the  tech¬ 
nique  has  been  adapted  from  the  deposition  of  II- IV 
compounds  to  the  III-V  and  group  IV  materials  to 
allow  ALE  of  GaAs  [15],  GaP  [16],  GaN  [17]  and  Si 
[18],  One  method  of  ALE  employs  the  adsorption  of 
incompletely  decomposed  precursor  species.  In  this 
case,  there  is  a  ceiling  substrate  temperature  for  any 
given  reactant  gas.  Because  of  the  relatively  low  temper¬ 
atures  employed,  for  example,  less  than  600  °C  for 
GaAs  from  trimethylgallium,  surface  mobility  is  dimin¬ 
ished.  This  may  result  in  degradation  in  the  film  crys¬ 
tallinity,  morphology  and  properties.  Alternative  ways 
to  supply  energy  to  the  growing  films  have  been  ex¬ 
plored.  For  example,  Nishizawa  et  al.  [19]  have  studied 
the  effect  of  photo-stimulation  on  the  deposition  of 
GaAs.  It  was  determined  that  UV  irradiation  enhances 
the  film  morphology  and  increases  film  resistivity. 

In  addition  to  a  decreased  surface  mobility,  another 
difficulty  may  be  that  the  source  gases  used  in  the  ALE 
of  compound  materials  decompose  at  greatly  different 
temperatures.  As  a  result,  the  temperature  required  to 
decompose  partially  the  more  stable  species  may  com¬ 
pletely  decompose  the  less  stable  species.  To  surmount 
these  problems,  we  have  employed  heated  W  filaments 
in  the  flow  path  of  the  more  stable  gas  (NH3  in  this 
case)  to  assist  in  decomposition  and  to  provide  a  ‘tem¬ 
perature  spike’  to  the  nearby  sample  surface  to  increase 
the  surface  mobility.  This  has  allowed  the  achievement 
of  better  films  at  lower  substrate  temperatures. 

In  the  following  is  described  the  research  concerned 
with  the  successful  ALE  of  monocrystalline  GaN  on 
a(6H)-SiC(0001).  The  conditions  to  achieve  self-termi¬ 
nating  monolayer  deposition  and  the  effects  of  the 
filaments,  sample  temperatures  and  the  exposure  time 
of  the  substrates  to  the  source  gases  on  the  film  charac¬ 
ter  are  described. 


2.  Experimental  procedure 

2.1.  Substrate  material 

The  substrates  for  all  the  experiments  were  pieces  of 
single-crystal  a(6H)-SiC(0001)  wafers  which  previously 
had  been  sliced  from  boules  grown  by  Cree  Research, 
Inc.,  of  Durham,  NC.  The  lattice  parameter  of  this 
material  is  relatively  closely  matched  to  that  of  GaN 
with  a  linear  misfit  on  the  basal  plane  of  3.5%.  All  the 
samples  were  RCA  cleaned  and  immediately  loaded 
into  the  reactor  for  deposition. 

2.2.  Reactor  design 

The  major  internal  components  of  the  ALE  system 
are  depicted  in  Fig.  1.  In  general,  the  substrates  reside 
on  a  receiver  plate  and  revolve  continuously  over  an 
SiC-coated  graphite  heater  and  below  a  vane  assembly. 


Gas  flow 


Fig.  1.  Major  internal  components  of  ALE  system.  View  into  group 
V  element  supplying  zone. 


The  gases  are  introduced  through  the  vane  assembly 
which  directs  the  flow  of  each  gas  and  also  is  responsi¬ 
ble  for  supporting  the  hot  W  filaments.  The  tempera¬ 
ture  controller  monitors  a  K-type  thermocouple  on  the 
heater  body;  thus,  the  sample  temperature  is  not  mea¬ 
sured  directly.  However,  optical  pyrometry  (samples 
are  visible  beneath  a  sapphire  window  on  the  vane 
assembly)  has  revealed  that,  once  the  heater  housing 
temperature  has  equilibrated,  the  sample  temperature 
remains  constant  within  ±  5  °C.  Sample  temperatures 
of  over  980  °C  can  be  achieved.  Sample  rotation  is 
accomplished  by  a  shaft  supporting  the  receiver  plate  in 
its  center  that  passes  through  an  internal  water-cooled 
bearing  housing  to  a  rotary  feedthrough  driven  by  a 
computer-controlled  servomotor. 

The  reactants  used  in  the  growth  were  NH3  and 
Ga(C2H5)3  (TEG).  An  organometallic  Ga  source  was 
chosen  over  a  chloride  source,  because  higher  purity 
material  was  available  and  the  transport  of  the  Ga 
species  is  easier  with  organometallics.  The  preference  of 
triethylgallium  (TEG)  over  trimethylgallium  (TMG) 
was  due  to  a  lower  decomposition  temperature  range 
for  TEG,  the  reduced  Ga-(C2H5)  bond  energy  and  the 
consequent  reduction  in  C  incorporation  in  the  growing 
films  [20].  Both  the  H2  curtain  gas  and  the  NH3  are  of 
ultrahigh  purity  grade  and  were  further  purified  with 
chemical  purifiers. 

The  introduction  and  control  of  the  H2  and  NH3 
were  achieved  via  mass  flow  controllers  and  appropriate 
shut-off  valves.  The  TEG  was  supplied  by  passing  H2 
through  a  constant  pressure  bubbler  contained  in  a 
temperature-controlled  bath.  The  flow  rate  of  TEG  was 
calculated  from  the  determined  values  of  three  vari¬ 
ables — E(TEG),  the  vapor  pressure  of  TEG  at  the 
bubbler  temperature;  P(bubbler),  the  pressure  in  the 
bubbler;  F(H2),  the  flow  rate  of  H2  carrier  gas — and 
the  application  of  the  following  expression: 

F(TEG)  =  {F(U2)  X P(TEG)}/{P(bubbler)  -E(TEG)} 

(1) 
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The  pressure  in  the  bubbler  was  measured  with  a 
capacitance  manometer.  The  desired  pressure  was  main¬ 
tained  by  setting  a  manual  metering  valve  on  the  outlet 
of  the  bubbler  which  controlled  the  conductance  between 
the  bubbler  and  the  reactor. 

In  each  revolution,  the  samples  were  alternately  ex¬ 
posed  to  isolated  fluxes  of  TEG  and  NH3  separated  by 
intermediate  purge  zones.  The  vane  pictured  in  Fig.  1  has 
16  zones;  every  other  zone  supplied  H2  purge  gas  while 
the  remaining  eight  zones  were  evenly  divided  between 
TEG  and  NH3.  In  this  manner,  GaN  was  grown  in  a 
layer-by-layer  process  in  the  <0001  >  direction,  resulting 
in  10.4  A  film  per  revolution  if  a  complete  monolayer  of 
material  was  deposited  with  every  exposure. 

2.3.  ALE  growth  procedure 

The  RCA-cleaned  substrates  of  a(6H)-SiC  were  loaded 
immediately  into  the  load-lock  and  then  into  the  clean¬ 
ing  chamber.  Once  the  vacuum  of  the  cleaning  chamber 
was  better  than  10“^  Torr,  the  samples  were  transferred 
into  the  growth  chamber.  The  samples  were  positioned 
in  a  zone  through  which  NH3  would  be  supplied,  and  the 
flows  of  NH3  and  the  H2  purge  gas  were  then  started. 
The  samples  were  heated  to  the  growth  temperature  at 
10°Cmin  ^  the  TEG  flow  was  initiated  and  equili¬ 
brated,  and  the  filaments  heated  to  about  1400  '"C.  The 
sample  rotation  was  then  started  and  maintained  for  the 
duration  of  the  deposition.  To  end  the  run,  the  rotation 
was  stopped,  the  TEG  and  the  filaments  shut  off,  and  the 
samples  allowed  to  cool.  At  a  sample  temperature  of  less 
than  200  °C,  all  gas  flow  was  terminated,  the  ALE 
chamber  evacuated  to  high  vacuum  and  the  samples 
removed  from  the  system. 

The  deposition  runs  were  performed  using  various 
combinations  of  process  variables.  Table  2  shows  the 
ranges  of  the  process  variables  studied. 


(a) 


TABLE  2.  Ranges  of  process  variables 

Sample  temperature  150-650  °C 

ALE  chamber  pressure  0.5-50  Torr 

NH3  flow  100-300  seem 

H2  (purge)  flow  200-300  seem 

H2  (TEG  carrier)  flow  50-100  seem 

TEG  bubbler  temperature  -  10-20  °C 

TEG  bubbler  pressure  400-800  Torr 

Time  per  zone  2-80  s 


2.4.  Film  characterization 

The  sample  crystallinity  was  analysed  using  reflection 
high  energy  electron  diffraction  (RHEED)  and  an  X- 
ray  diffractometer.  The  chemical  analysis  was  per¬ 
formed  by  scanning  Auger  spectroscopy.  The  surface 
morphology  and  film  thickness  were  determined  using 
scanning  electron  microscopy  (SEM)  and  automatic 
ellipsometry,  respectively,  while  additional  film  charac¬ 
terization  employed  cross-sectional  transmission  elec¬ 
tron  microscopy  (TEM). 


3.  Results  and  discussion 

3.1.  Electron  diffraction 

The  RHEED  analysis  of  the  films  revealed  that  both 
the  degree  and  the  nature  of  the  crystallinity  were 
strongly  dependent  on  the  temperature.  Figure  2  shows 
the  RHEED  patterns  for  a  GaN  film  deposited  under  the 
following  conditions:  sample  temperature  500  cham¬ 
ber  pressure  2  Torr;  H2  purge  200  seem;  NH3  flow 
350  seem  over  1200  °C  filaments;  TEG  bubbler  condi- 
tions^SOO  Torr  pressure,  TEG  temperature  23  °C, 
100  seem  of  H2  carrier  and  rotation  rate  of  1 1  s  per  zone. 


(b) 


Fig.  2.  RHEED  patterns  for  GaN  film  deposited  on  (z(6H)-SiC  at  500*^0:  (a)  (2110);  (b)  (0110). 
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Fig.  3.  X-ray  diffraction  pattern  of  film  about  650  A  thick  deposited 
on  a(6H)-SiC(0001). 


Sputtering  time  (min) 


Fig.  4.  Auger  depth  profile  of  GaN  film  deposited  on  a(6FI)-SiC  at 
500  "C. 


Single-crystal  RHEED  patterns,  indicative  of  the  The  sputter  rate  for  the  film  during  Auger  analysis  was 

wurtzite  structure,  were  readily  achieved  for  sample  approximately  100  Amin"’  using  an  Ar^  sputter  gun. 

temperatures  above  350  °C  when  the  heated  filaments  Neither  impurities  within  the  film  nor  oxygen  at  the 

were  employed.  A  series  of  films  approximately  200  A  growth  interface  was  detected.  The  resolution  of  the 

thick  were  grown  across  a  range  of  sample  temperatures  instrument  is  typically  about  0.1  at.%.  The  spectra  ob- 

from  150  to  550  °C.  Films  grown  at  high  temperatures  tained  indicated  a  stoichiometric  film  when  compared 

showed  sharp  diffraction  spots,  indicative  of  a  rough  with  a  GaN  standard  prepared  by  MBE. 

surface,  which  was  confirmed  by  SEM.  Films  grown  at 
intermediate  temperatures  between  350  and  500  °C  3.4.  Ellipsometry 

yielded  streaked  RHEED  patterns  with  Kikuchi  lines,  The  film  thickness  was  measured  by  ellipsometry  to 
indicative  of  smooth  surfaces  and  good  crystallinity.  study  the  effect  of  the  exposure  time  to  the  reactant 

At  lower  temperatures,  the  patterns  again  become  species  on  the  amount  of  material  deposited  per  cycle, 

sharp  spots.  Below  250  °C,  the  films  were  no  longer  If  a  truly  self-limiting  deposition  process  was  achieved 

monocrystalline  but  highly  textured  and  oriented  with  for  each  element  then,  at  a  given  temperature  and 

the  substrate.  However,  the  RHEED  patterns  remained  source  gas  flux,  the  amount  of  material  deposited  per 

as  sharp  diffraction  spots.  Films  deposited  below  cycle  would  increase  with  increasing  exposure  time  until 

200  °C  became  more  randomly  oriented  and,  finally,  the  deposition  per  cycle  saturates  at  the  monolayer  or 

below  170  °C  the  films  are  amorphous.  If  the  filaments  submonolayer  level.  Figure  5  displays  the  results  of  this 

were  not  heated,  monocrystalline  films  could  only  be  study  performed  with  several  experiments  run  under 

grown  when  sample  temperatures  were  greater  than 
500  °C. 

3.2.  X-Ray  dijfr action  studies 
Each  crystalline  film  with  a  thickness  of  500  A  or 
more  exhibited  the  (0002)  reflection  of  wurtzitic  GaN, 
indicating  an  epitaxial  relationship  with  the  substrate. 

Figure  3  shows  an  X-ray  diffraction  pattern  of  a  GaN 
film  grown  under  the  following  conditions:  sample  tem¬ 
perature  500  °C;  chamber  pressure  30  Torr;  H2  purge 
200  seem;  NH3  flow  300  seem  over  1200  °C  filaments; 

TEG  bubbler  conditions — 800  Torr  pressure,  TEG 
temperature  —  10°C,  100  seem  of  H2  carrier  and  rota¬ 
tion  speed  of  4  s  per  zone.  The  film  thickness  was  about 
650  A. 


3.3.  Chemical  analysis  sec./zone 

Figure  4  is  an  Auger  depth  profile  of  the  GaN  film  pjg  5  Deposition  thickness  of  GaN  per  cycle  vs.  sample  temperature 

from  which  the  previous  RHEED  image  was  obtained.  and  time  per  zone. 
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similar  conditions  but  differing  in  exposure  time.  Typi¬ 
cal  values  for  film  thickness  ranged  from  200  to  400  A. 
The  values  of  the  other  process  parameters  were  con¬ 
stant  as  follows;  chamber  pressure  2  Torr;  H2  purge 
rate  200  seem;  NH3  flow  rate  350  seem  over  1200  °C 
filaments;  TEG  bubbler  conditions— -800  Torr  pressure, 
TEG  temperature  23  °C  and  100  seem  of  H2  carrier. 

These  flow  conditions  for  the  bubbler  yielded  a  TEG 
delivery  rate  of  0.625  seem  or  28  pmol  min"'.  One  can 
see  that,  for  a  sample  temperature  of  120  °C,  an  appar¬ 
ent  plateau  formed  at  about  7  A  where  coverage  re¬ 
mained  constant  with  varying  exposure  time  up  to 
about  50  s.  The  reason  for  the  increase  at  about  50  s  is 
not  yet  known.  The  resultant  films  were  extremely 
uniform:  multiple  readings  with  the  ellipsometer  across 
a  1  cm  specimen  gave  a  thickness  variation  of  less 
than  ±2%.  Wurtzitic  GaN  has  lattice  parameters  of 
fl  =  3.19  A  and  c  =  5.19  A.  Assuming  complete  mono- 
layer  coverage  with  each  exposure,  each  cycle  would 
give  a  film  thickness  of  about  2.6  A.  These  results 
indicated  that,  at  120  “C,  coverage  was  limited  to  about 
67%  of  a  monolayer.  Unfortunately,  films  grown  at  this 
temperature  were  amorphous. 

The  crystallinity  improved  with  increasing  tempera¬ 
ture  but  the  chemically  self-limiting  growth  characteris¬ 
tic  disappeared.  However,  from  Fig.  5,  one  can  see,  for 
example,  that  at  360  °C  the  coverage  per  cycle  initially 
increased  rapidly  with  exposure  time  to  a  value  of 
about  2.5  A  where  the  rate  of  further  deposition  began 
to  decrease.  This  behaviour  can  be  exploited  to  grow 
films  in  a  layer-by-layer  process  wifhin  the  portion  of 
the  range  where  the  deposition  rate  has  diminished. 
Monocrystalline  films  were  grown  at  temperatures  as 
low  as  270  °C  in  this  manner. 


3.5.  Transmission  electron  microscopy 
Figure  6  is  a  high  magnification  TEM  micrograph  of 
a  GaN  film  grown  under  the  following  conditions: 


Fig.  6.  High  magnification  TEM  image  of  GaN  film  deposited  on 
a(6H)-SiC  substrate. 


sample  temperature  380  °C;  chamber  pressure  2  Torr;  H2 
purge  rate  200  seem;  NH3  flow  rate  350  seem  over 
1200  °C  filaments;  TEG  bubbler  conditions — 800  Torr 
pressure,  TEG  temperature  23  °C,  100  seem  of  H2  carrier 
and  rotation  speed  of  1 1  s  per  zone.  The  SiC  substrate 
was  intentionally  cut  off-axis  by  4.8°  towards  [1120] 
during  its  production.  One  can  see  lattice  fringes  in  the 
SiC  substrate  parallel  to  those  in  the  film,  indicating  an 
epitaxial  relationship.  The  film  was  270  A  thick  after  120 
cycles.  This  gave  a  deposition  per  exposure  of  2.25  A  or 
87%  of  a  monolayer.  In  addition,  the  surface  of  the  film 
was  parallel  to  the  interface  with  the  substrate,  as  would 
be  expected  from  a  layer-by-layer  process. 


4.  Conclusions 

A  unique  reactor  for  ALE  growth  of  compound 
semiconductor  materials  has  been  designed  and  commis¬ 
sioned.  The  design  employed  hot  W  filaments  to  assist 
in  both  decomposing  the  reactants  and  heating  the 
sample  surface  to  enhance  surface  mobility.  Epitaxial 
GaN  films  were  grown  on  6H-SiC  substrates  by  a 
self-terminating  ALE  process  and  by  a  time-dependent 
layer-by-layer  process.  All  the  crystalline  GaN  deposited 
in  this  research  was  of  the  wurtzitic  polytype,  as  deter¬ 
mined  from  RHEED  patterns  and  X-ray  diffraction 
data.  The  preferred  epitaxial  relationship  between  the 
GaN  films  and  the  6H-SiC  substrate  was  with  basal 
planes  parallel. 

This  initial  research  of  ALE  growth  of  GaN  on  SiC 
using  triethylgallium  and  ammonia  as  reactants  has 
revealed  that,  at  a  sample  temperature  of  120  °C,  an 
apparent  plateau  in  growth  per  cycle  vs.  exposure 
time  occurred  at  a  time  of  about  50  seconds  and  with 
saturation  at  67%  of  a  monolayer.  However,  films 
grown  under  these  conditions  were  amorphous.  At  sam¬ 
ple  temperatures  higher  than  270  °C,  a  time-dependent 
deposition  rate  can  be  exploited  to  grow  single -crystal 
material  in  a  layer-by-layer  process.  Films  grown  by  the 
layer-by-layer  technique  at  sample  temperatures  above 
350  °C  possessed  good  crystallinity  with  smooth  sur¬ 
faces,  as  evidenced  by  streaked  RHEED  patterns. 
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Abstract 

Ultrahigh  vacuum  atomic  layer  epitaxy  was  successfully  applied  to  grow  CdTe  on  BaF2  and  GaAs.  We  found  a  set 
of  growth  parameters,  the  so-called  self  regulatory  regime,  where  layer-by-layer  growth  occurs.  A  thermodynamic 
model  is  presented  which  describes  the  growth  rate  as  a  function  of  the  substrate  temperature  and  leads  to  the 
prediction  of  the  stability  range  of  the  monolayer  growth  regime.  Reflected  high  energy  electron  diffraction  intensity 
measurements  allowed  a  more  detailed  understanding  of  the  growth  process.  We  also  report  a  Monte-Carlo-based 
method  for  the  simulation  of  epitaxial  crystal  growth  in  the  layer-by-layer-regime. 


1.  Introduction 

Atomic  layer  epitaxy  can  be  realized  in  chemical 
vapor  deposition  or  by  an  ultrahigh  vacuum  evapora¬ 
tion  process  [1].  The  latter  case,  which  we  call  ultrahigh 
vacuum  atomic  layer  epitaxy  (UHV-ALE)  may  be  most 
successfully  applied  to  wide  gap  II~VI  compounds, 
such  as  CdTe,  ZnTe,  ZnSe  and  ZnS.  This  is  due  to  the 
rather  high  vapor  pressures  of  the  elemental  species 
whereas  the  dissociative  evaporation  of  the  compounds 
is  negligibly  small.  In  contrast  to  other  growth  methods 
in  ALE  there  exists  a  set  of  growth  parameters,  the 
so-called  self-regulatory  regime,  where  layer-by-layer 
growth  occurs. 

In  this  paper,  we  will  concentrate  on  the  CdTe  system 
in  reporting  on  the  investigations  of  the  growth  mecha¬ 
nisms  in  UHV-ALE.  After  a  short  description  of  the 
necessary  experimental  equipment,  we  present  our  re¬ 
sults  on  growth  rates,  which  can  be  described  by  a 
model  based  on  thermodynamic  calculations. 

To  support  our  microscopic  picture  of  the  growth 
process  we  performed  reflected  high  energy  electron 
diffraction  (RHEED)  intensity  measurements  in  surface 
resonance  conditions,  which  make  the  spots  sensitive  to 
either  Cd  or  Te  deposition.  We  show  that  this  new 
approach  is  superior  to  the  observation  of  the  specular 
spot  for  the  measurement  of  surface  coverages  and 
adsorption  kinetics. 

Finally,  we  describe  our  ab  initio  calculation  by 
Monte  Carlo  simulation  of  epitaxial  growth  in  the  ALE 
regime. 


2.  Growth  rates  of  CdTe 

The  experiments  were  carried  out  in  two  molecular 
beam  epitaxy  (MBE)  machines,  one  containing  only  a 
Cd  and  a  Te  source,  the  other  equipped  with  seven 
Knudsen  cells  and  an  RHEED  system.  As  substrates  we 
used  (100) -oriented  GaAs  or  (11 1) -oriented  BaF2  to 
investigate  growth  in  the  (100),  the  (lll)A  and  the 
( 1 1 1)B  directions.  The  GaAs  was  chemically  etched  and 
preheated  to  580  °C  (for  the  growth  of  (100)  CdTe)  or 
620  °C  (for  the  growth  of  (111)  CdTe).  The  BaF2  was 
cleaved  in  air  before  the  growth  of  (111) A  CdTe. 

Typical  standard  parameters  for  the  ALE  growth  of 
CdTe  were  a  sequence  of  2300  alternating  Te  and  Cd 
pulses  of  0.8  s  duration  with  an  intermission  of  0.2  s, 
the  so-called  dead  time,  between  them.  The  effusion 
rate  of  the  sources  was  1.3  to  1.5  monolayers  (ML)  of 
Te  and  Cd  within  an  evaporation  pulse.  A  substrate 
temperature  of  275  ®C  was  used  as  a  standard  value. 
Experimental  details  can  be  found  in  refs.  2-6. 

To  investigate  the  stability  range  of  the  ALE  process, 
three  of  these  standard  parameters  were  varied  step  by 
step  keeping  all  the  other  parameters  constant.  The 
substrate  temperature  was  varied  between  200  and 
400  °C,  the  number  of  growth  cycles  between  500  and 
4000,  and  the  Te  effusion  rate  between  1.3  and  3  ML 
per  evaporation  pulse.  In  the  case  of  (111)  CdTe  on 
GaAs  the  beam  flux  intensity  ratio  between  Cd  and  Te 
was  varied  also. 

Growth  was  monitored  in  situ  using  a  30  kV  RHEED 
system.  After  growth  the  thickness  was  determined 
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Number  of  Cycles  Te  Flux  [ML/ Cycle] 


Fig.  1.  (a)  Film  thickness  vs.  the  number  of  completed  growth  cycles 
for  ( 1 1  l)-oriented  CdTe  on  BaF2  at  a  substrate  temperature  of  275  °C. 
(b)  Film  thickness  as  a  function  of  the  Te  effusion  rate  at  a  substrate 
temperature  of  275  °C.  The  number  of  growth  cycles  was  2300. 

from  surface  profiling  scans  over  a  sample  edge  and 
Fourier  transform  IR  spectra. 

In  Fig.  1(a)  the  thickness  of  the  (111) A  CdTe  layers 
grown  on  BaF2  using  the  standard  growth  parameters  is 
plotted  as  a  function  of  the  number  of  growth  cycles. 
The  one-to-one  agreement  between  the  grown  monolay¬ 
ers  and  the  number  of  reaction  cycles  shows  that  mono¬ 
layer-by-monolayer  growth  is  achieved.  Moreover,  the 
resulting  thickness  is  independent  of  the  Te  flux,  as  can 
be  seen  from  Fig.  1(b).  This  fact  proves  that  the  growth 
process  is  really  self-regulating. 

Analogous  results  are  obtained  for  (100)  CdTe  on 
GaAs,  whereas  for  (lll)B  CdTe  on  GaAs  monolayer 
growth  is  only  obtained  under  a  high  Cd  excess.  We 
attribute  this  to  the  fact  that,  in  the  (lll)B  direction, 
Cd  on  the  surface  is  only  loosely  bound  by  one  bond, 
whereas  it  is  triply  bound  in  the  (111) A  direction. 


Fig.  2.  Growth  rate  per  reaction  cycle  i;^.  substrate  temperature  for 
(100) -oriented  CdTe  on  (100)  GaAs.  The  solid  line  is  the  result  of  our 
model  calculation. 


Figure  2  shows  the  average  growth  rate  per  reaction 
cycle  as  a  function  of  the  substrate  temperature  for 
(100)  CdTe  on  GaAs.  The  occurrence  of  monolayer 
growth  is  limited  to  a  relatively  narrow  substrate  tem¬ 
perature  range  between  255  and  285  °C.  Then  an 
abrupt  drop  in  the  growth  rate  to  0.5  ML  per  growth 
cycle  takes  place.  Similar  results  are  obtained  for 
(lll)A  CdTe  on  BaF2,  but  in  this  case  two  additional 
plateaux  for  submonolayer  growth  with  average  growth 
rates  of  0.85  and  0.65  ML  per  growth  cycle  occur. 


3.  Thermodynamical  model  of  the  growth  rates 

We  fitted  the  experimentally  obtained  growth  rates 
within  the  framework  of  a  thermodynamic  model,  as¬ 
suming  different  bound  states  for  surface  atoms  which 
correspond  to  different  re-evaporation  rates  for  surface 
atoms  [4].  On  raising  the  substrate  temperature,  one 
component  becomes  unstable  and  no  longer  can  form  a 
full  monolayer  coverage.  This  depends  on  the  growth 
direction  if  Cd  or  Te  is  the  unstable  component;  in  the 
(lll)A  direction  it  is  Te,  while  in  the  (lll)B  direction 
and  (100)  direction  it  is  Cd. 

The  results  of  the  fit  are  shown  as  solid  lines  in  Fig. 
2.  With  the  parameters  used  for  this  fit,  the  growth  rate 
under  different  growth  conditions  can  be  calculated. 
The  model  leads  essentially  to  the  following  conclu¬ 
sions. 

(i)  The  growth  rate  at  low  substrate  temperatures  is 
exclusively  determined  by  the  parameters  of  the  compo¬ 
nent  with  the  lower  vapor  pressure — for  CdTe  this  is 
Te.  A  low  Te  deposition  rate  and  a  long  Te  dead  time 
shift  the  low  temperature  onset  of  the  monolayer 
growth  plateau  towards  lower  temperatures.  This  also 
could  be  confirmed  for  ZnSe.  Here  the  material  with 
the  lower  vapor  pressure  is  Zn.  Our  calculations,  based 
exclusively  on  the  parameters  for  the  Zn  evaporation 
pulse,  predict  a  low  temperature  onset  for  monolayer 
growth  which  coincides  exactly  with  the  value  given  by 
Dosho  et  al  [7]. 

(ii)  The  behavior  at  the  high  substrate  temperature 
end  of  a  plateau  is  determined  by  the  parameters  for  the 
component  which  becomes  unstable.  A  long  dead  time 
of  this  material  leads  to  a  bending  of  the  plateau, 
leaving  only  a  very  narrow  range  with  full  monolayer 
coverage.  It  is  of  essential  importance  to  keep  the  dead 
time  for  the  unstable  component  as  short  as  possible. 

In  the  case  of  (lll)B  growth  on  GaAs  the  unstable 
material  is  Cd,  and  the  low  temperature  and  high 
temperature  sides  of  the  plateau  can  be  affected  inde¬ 
pendently.  This  has  been  confirmed  experimentally.  At 
a  standard  Cd  deposition  rate,  monolayer  growth  is  not 
observed  in  this  growth  direction  but,  for  a  high  Cd  de¬ 
position  rate,  a  well-developed  plateau  is  observed  [5]. 


252 


H.  Sitter,  W.  Faschinger  /  Atomic  layer  epitaxy  of  CdTe 


Fig.  3  Results  of  the  model  calculation  for  growth  rates  as  a  function  of  substrate  temperature  and  deposition  rate. 


For  the  (100)  growth  direction,  the  effect  of  the 
deposition  rate  is  demonstrated  in  Fig.  3  for  equal  Cd 
and  Te  beam  intensities.  Since  in  this  case  the  unstable 
component  is  assumed  to  be  Cd,  a  high  Cd  deposition 
rate  broadens  the  plateau  but  simultaneously  a  high  Te 
rate  shifts  it  to  higher  substrate  temperatures. 


4.  Observation  of  RHEED  intensity  variations 

The  nucleation  stage  of  CdTe  on  GaAs  was  investi¬ 
gated  by  recording  the  RHEED  streak  separation  in  the 
(110)  azimuth  when  growth  was  started  in  the  ALE 
mode  at  a  substrate  temperature  of  290  °C.  The  details 
concerning  the  experimental  procedure  are  described 
elsewhere  [8]. 

Figure  4  shows  the  surface  lattice  constant,  calculated 
from  the  RHEED  streak  separation,  as  a  function  of 
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Fig.  4.  Surface  lattice  constant  of  ALE-grown  CdTe  on  GaAs  as  a 
function  of  growth  cycle  number. 
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the  growth  cycle  number.  It  is  clearly  visible  that  after 
four  growth  cycles  the  lattice  constant  of  bulk  CdTe  is 
reached. 

To  investigate  the  effect  of  the  substrate  temperature 
on  the  growth  rate,  RHEED  patterns  in  the  (100), 
(110)  and  (lIO)  azimuth  were  qualitatively  observed.  In 
the  temperature  range  between  260  and  340  °C,  the 
Te-stabilized  surface  shows  a  (2x1)  reconstruction, 
whereas  the  Cd-stabilized  surface  reveals  a  mixture  of  a 
(2  X  1)  and  a  centered  (2  x  2)  reconstruction.  Although 
the  ALE  growth  rate  decreases  in  that  substrate  tem¬ 
perature  range  form  1  to  0.5  ML  per  reaction  cycle,  the 
surface  periodicity  of  both  the  Cd-  and  Te-stabilized 
surface  does  not  change.  However,  the  observed  surface 
periodicity  reflects  mainly  the  dimerization  of  surface 
atoms,  which  also  occurs  at  submonolayer  coverages. 

As  a  consequence,  it  was  necessary  to  study  not  only 
the  periodicity  of  the  RHEED  patterns  but  also  the 
intensity  changes.  We  monitored  the  intensity  of  the 
integral-  and  half-order  streaks  in  the  (110)  azimuth 
under  surface  resonance  conditions.  Surface  resonance 
is  a  secondary  scattering  event  where  the  primary  elec¬ 
trons  are  scattered  into  the  surface  plane  and  act  there 
as  a  source  beam  for  the  finally  observed  diffraction. 

Since  a  surface  resonance  wave  propagates  directly  in 
the  uppermost  surface  layer,  it  should  be  extremely 
sensitive  to  coverage  changes  in  this  layer.  In  our  case, 
it  was  possible  to  reach  simultaneously  approximate 
surface  resonance  for  one  integral-order  and  one  half¬ 
order  streak.  In  this  way,  we  could  adjust  conditions 
where  a  bright  surface  resonance  spot  (spot  1)  appeared 
on  the  integral-order  streak  for  the  Cd-stabilized  sur¬ 
face,  and  another  bright  spot  (spot  2)  on  the  adjacent 
half-order  streak  for  the  Te-stabilized  surface. 

Figure  5  shows  the  intensity  variation  of  both  spots 
during  a  very  slow  ALE  process  (pulse  time  14,8  s,  dead 
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time  [s] 

Fig.  5.  Intensity  of  two  RHEED  spots  under  surface  resonance  conditions  as  a  function  of  time  during  a  slow  ALE  cycle.  The  Cd  pulse  starts 
at  /  =  0  and  the  Te  pulse  at  T=  15  s.  The  dotted  lines  represent  model  calculations  described  in  the  text. 


time  0.2  s)  with  a  Cd  beam  intensity  of  9  x  10^^  atom 
cm“^s"*  and  a  Te  beam  intensity  of  8  x  10^^  atom 
cm“^  During  Cd  deposition,  the  intensity  of  spot  1 
increases  linearly  with  time  up  to  a  saturation  value.  The 
dotted  line  marked  ‘model  1’  is  the  surface  coverage 
calculated  from  the  known  Cd  beam  intensity  under  the 
simple  assumption  that  every  Cd  atom  offered  sticks. 
This  assumption  seems  reasonable  if  one  considers  that 
the  Cd  atoms  are  relatively  small  and  as  single  atoms 
quite  mobile  at  the  surface,  so  that  an  adsorbed  Cd  atom 
can  change  its  site  if  it  is  hit  by  a  following  Cd  atom. 
Thus  we  conclude  that  the  increasing  intensity  of  spot  1 
is  a  direct  measure  of  the  Cd  surface  coverage.  As  soon 
as  a  surface  coverage  of  1  ML  is  reached,  the  intensity 
saturates. 

During  Te  deposition,  spot  2  increases  in  intensity 
but  not  proportionally  to  the  Te  flux  offered.  The  time 
until  the  saturation  value  of  spot  2  is  reached  is  much 
longer  than  for  spot  1,  although  the  Cd  and  Te  fluxes 
are  approximately  equal.  We  assume  that  the  different 
behavior  reflects  a  different  adsorption  behavior  of  Te 
compared  with  that  of  Cd.  This  seems  reasonable  if  one 
considers  that  Te  adsorbs  as  a  large  and  comparably 
immobile  Te2  molecule  that  cannot  easily  change  its  site 
if  it  is  hit  by  a  second  Te2  particle.  Under  the  simple 
assumption  that  a  Te2  molecule  sticks  only  if  it  hits  an 
empty  surface  site  and  re-evaporates  if  it  hits  an  occu~ 
pied  site,  one  would  expect  a  surface  coverage  C  as  a 
function  of  time  to  be  given  by 

C  =  1  -  exp(  -jt) 

where  j  is  the  Te  beam  flux  in  monolayers  per  second. 
With  the  actual  value  being  0.16  ML  s“^  for  the  Te  flux, 
the  result  of  such  a  calculation  is  shown  as  the  dotted 
line  marked  ‘model  2\  Again  the  correspondence  be¬ 
tween  the  intensity  of  the  spot  and  the  simple  model  is 


very  good.  This  confirms  that,  in  analogy  to  spot  1 ,  the 
increasing  intensity  of  spot  2  is  a  direct  measure  of  the 
Te  coverage. 

We  also  measured  the  intensity  of  spot  1  under 
Cd-stabilized  and  spot  2  under  Te-stabilized  conditions 
as  a  function  of  the  substrate  temperature.  We  observed 
that  the  intensity  of  spot  1  drops  to  approximately  50% 
at  substrate  temperatures  higher  than  315  ""C.  The  be¬ 
havior  of  spot  2  is  similar.  This  result  shows  that  the 
surface  accepts  only  0.5  ML  of  Cd  and  Te  at  higher 
substrate  temperatures,  with  the  consequence  that  the 
average  growth  rate  drops  to  0.5  ML  per  cycle,  as 
shown  by  our  previous  results. 

5.  Monte  Carlo  simulation  of  ALE  growth 

One  of  the  possible  methods  to  simulate  crystal  growth 
is  to  calculate  the  properties  of  a  system  at  equilibrium 
from  its  distribution  function  in  the  phase  space.  Be¬ 
cause  this  is  done  by  use  of  random  sampling,  it  is 
called  the  ‘Monte  Carlo  method’  (MC).  In  our  work, 
we  restricted  ourself  to  algorithms  similar  to  the  so- 
called  ‘important  sampling  method’  as  described  by 
Metropolis  et  al.  [9]. 

Our  simulations  were  done  to  study  the  growth  in  a 
two-dimensional  cross-section  through  the  substrate 
and  the  epilayer.  Therefore,  we  projected  the  three-di¬ 
mensional  lattice  into  the  (001)  surface  of  a  zinc  blende 
structure  which  is  determined  by  a  fourfold  symmetry. 
To  describe  this  situation,  we  used  a  directional  Len- 
nard-Jones  potential,  reflecting  the  fourfold  symmetry 
[10].  The  pairwise  interaction  potential  is  characterized 
by  the  binding  energy  Eq,  the  binding  length  and 
the  parameter  which  describes  the  covalent  character 
of  the  binding.  To  simulate  the  growth  of  compound 
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epilayers  on  compound  substrates  our  model  allows  us 
to  select  y  ^equ,  ij  and.  for  n  different  kinds  of 
atoms.  To  avoid  confusion,  we  use  instead  of  the 
indexes  i  and  j  the  symbols  O,  x  and  *  .  According  to 
the  representation  in  the  figures,  O  indicates  a  substrate 
atom,  while  x  and  *  indicate  atoms  of  the  epilayer. 

The  concept  of  ALE  is  based  on  the  fact  that  in  a 
compound  material  the  bonds  between  similar  kinds  of 
atom  are  much  weaker  than  the  bonds  between  dissim¬ 
ilar  species.  Therefore,  only  1  ML  of  a  single  kind  of 
atom  should  be  found  on  the  surface  after  each  kind  of 
evaporation  pulse.  To  simulate  this  process,  we  had  to 
select  the  growth  direction  in  the  (111)  orientation, 
where  either  two  strong  or  two  weak  bonds  are  formed 
to  the  next  nearest  layer.  If  atoms  of  a  different  kind 
are  deposited,  then  two  strong  bonds  to  the  underlying 
monolayer  will  give  a  new  stable  surface.  If  a  mono- 
layer  is  not  complete  and  an  atom  of  the  wrong  species 
is  deposited  in  this  monolayer,  only  two  weak  bonds 
would  be  available  for  this  atom,  so  that  it  cannot  be 
incorporated  into  the  wrong  layer. 

To  investigate  the  effect  of  the  substrate  temperature 
on  the  ALE  growth  mode,  we  simulated  a  system  with 
a  width  of  80  atoms,  consisting  of  an  elemental  sub¬ 
strate  and  a  binary  epilayer.  The  strong  bonds  between 
unlike  epilayer  atoms  and  the  strong  bond  to  the  sub¬ 
strate  were  obtained  by  setting  E'o,x  x  == 

b.2E'o^  X  X  o  =  0-2£'o,oo  ^o,*o  “  ^o,oo>^o,  x  *  = 

^0,0  0-  At  first,  we  deposited  a  number  of  atoms  of  one 
kind,  which  corresponds  to  4  ML.  After  equilibration 
of  the  system,  we  changed  the  atom  species  and  re¬ 
peated  the  same  procedure  to  finish  one  digital  cycle  ( 1 
ALE  growth  cycle).  For  each  simulation  we  performed 
2  ALE  growth  cycles.  The  temperature  was  chosen  in 
the  range  from  T  =  0.01  to  0.035£'o^oo^b'’^ 

The  lattice  pictures  of  the  ALE  simulation  for  differ¬ 
ent  substrate  temperatures  are  shown  in  Figs.  6(a)- 
6(f).  At  the  lowest  temperature,  no  layer  growth  was 
obtained  (see  Fig.  6(a)).  With  increasing  temperature, 
the  self-regulatory  process  became  increasingly  pro¬ 
nounced  (see  Figs.  6(b) -6(d)).  If  the  temperature  was 
chosen  too  high,  some  parts  of  the  completed  monolay¬ 
ers  began  to  evaporate  (see  Figs.  6(e)  and  6(f)). 

The  macroscopic  parameter  which  can  be  compared 
with  the  experiment  is  the  growth  rate  given  in  mono- 
layers  per  growth  cycle.  For  all  the  simulations,  we 
calculated  this  parameter  by  dividing  the  number  of 
deposited  particles,  given  in  monolayers,  by  the  number 
of  growth  cycles.  The  calculated  growth  rate  as  a 
function  of  temperature  is  shown  in  Fig.  7.  It  is  clear 
that  there  exists  a  temperature  range  from  0.02  to 
0.03E'o,oo^b”^  where  a  constant  growth  rate  of  1  ML 
cycle”*  can  be  obtained,  reflecting  the  self-regulatory 
regime  of  ALE  growth.  The  lower  limit  of  the  plateau  is 
given  by  the  incomplete  re-evaporation  of  weakly 


Fig.  6.  Typical  parts  of  the  resulting  lattice  from  ALE  growth 
simulation  for  different  substrate  temperatures  given  in  units  of 
£’o,xx^b''-  (a)  r  =  0.01,  (b)  7  =  0.017,  (c)  7  =  0.020,  (d)  7  =  0.022, 
(e)  7  =  0.027  and  (0  7  =  0.035. 

bound  atoms.  The  high  temperature  limit  of  the  plateau 
is  determined  by  the  evaporation  of  the  compound.  The 
temperature  dependence  of  the  growth  rate  obtained  by 
the  MC  simulation  is  in  excellent  agreement  with  the 
experimental  results  shown  in  Fig.  2. 


6.  Conclusions 

We  have  shown  that  monocrystalline  (100) -oriented 
and  (lll)-oriented  CdTe  can  be  grown  on  (100)  GaAs 
and  (111)  BaF2.  In  all  the  investigated  cases,  we  found 
a  temperature  range  where  the  growth  regulates  itself  to 
the  rate  of  1  ML  per  reaction  cycle.  At  higher  substrate 
temperatures  the  growth  rate  decreases  rapidly  to  sub¬ 
monolayer  coverages  per  reaction  cycle. 

We  presented  a  thermodynamic  model  to  describe 
these  features  based  on  the  idea  of  surface  reordering  at 
high  substrate  temperatures.  The  model  allows  the  pre¬ 
dictions  of  the  effects  of  changes  in  several  growth 
parameters  and  leads  to  the  result  that  the  stability 
range  of  the  1  ML  growth  can  be  affected  mainly  by  the 
molecular  beam  fluxes. 

We  showed  by  RHEED  experiments  that  the  start  of 
ALE  growth  on  GaAs  is  not  hindered  by  the  formation 
of  misfit  dislocations.  The  surface  lattice  constant 
changes  swiftly  from  GaAs  to  CdTe,  and  after  four 
reaction  cycles  the  bulk  lattice  constant  of  CdTe  can  be 
observed.  For  the  observation  of  the  adsorption  of  the 
components  during  growth,  it  proved  to  be  very  useful 
to  observe  the  intensity  variations  of  different  RHEED 


H.  Sitter,  W.  Faschinger  /  Atomic  layer  epitaxy  of  CdTe 


255 


Fig.  7.  Calculated  growth  rate  in  monolayers  per  growth  cycle  in  the 
ALE  simulation  as  a  function  of  temperature. 


spots  under  surface  resonance  conditions.  The  intensity 
of  these  spots  is  extremely  sensitive  and,  under  proper 
conditions,  proportional  to  the  coverage  of  the  topmost 
layer,  and  can  be  used  to  study  the  dynamics  of  adsorp¬ 
tion.  This  means  that  the  observation  of  these  spots  is 
a  simple  and  fast  method  to  find  and  control  proper 
growth  conditions  for  the  self-regulatory  region  in  ALE. 

We  have  demonstrated  the  use  of  a  continuous  space 
Monte  Carlo  method  for  studies  of  the  epitaxial  growth 
in  the  self-regulatory  regime. 

In  conclusion,  one  may  consider  that  UHV-ALE  is 
not  automatically  a  self-regulatory  process.  This  means 
that  timing  and  dosing  in  the  deposition  cycle  play 
crucial  roles  in  this  process.  Thus,  UHV-ALE  has  to  be 
precisely  designed  when  smooth  and  flat  layers  on  an 
atomic  scale  have  to  be  grown. 
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Abstract 

ZnSe,  ZnTe  and  ZnSe-ZnTe  stained-layer  superlattices  (SLSs)  were  grown  by  atomic  layer  epitaxy  (ALE)  using 
molecular  beam  epitaxy  (MBE-ALE).  In  the  ALE  growth  of  ZnTe,  a  self-limiting  mechanism  was  observed,  in 
which  the  deposition  rate  saturated  at  0.5  monolayers  per  cycle.  ZnSe  films  were  grown  by  MBE-ALE  with  N2  gas 
as  dopant,  and  remarkable  effects  of  ALE  on  the  doping  efficiency  of  nitrogen  were  observed.  Furthermore,  a 
new  type  of  short-period  SLS  which  consists  of  (ZnSe)^-[(ZnTe)^-(ZnSe)^]„  was  grown  by  MBE-ALE. 
The  (ZnSe)5-[(ZnTe)i-(ZnSe)2]2  SLS  showed  very  strong  photoluminescence  at  an  emission  energy  of 
2.39  eV  at  4.2  K. 


1,  Introduction 

In  a  II -VI  compound,  both  the  Group  II  and  Group 
VI  elements  have  extremely  high  vapor  pressures  com¬ 
pared  with  that  of  the  compound,  as  shown  in  Fig.  1. 
Thus,  II -VI  compounds  are  potentially  more  suitable 
for  growth  by  atomic  layer  epitaxy  (ALE)  than  III-V 
compounds.  The  first  report  of  the  ALE  of  a  single¬ 
crystal  II-VI  compound  was  given  by  Pessa  et  al  [1]. 
Our  current  approach  is  to  use  molecular  beam  epitaxy 
(MBE)  for  the  ALE  growth  of  wide  band  gap  II-VI 
compounds.  In  this  paper,  the  detailed  ALE  growth 
conditions  for  ZnSe  and  ZnTe  are  reviewed. 

ZnSe  is  a  possible  candidate  for  visible  LEDs  but  is 
known  for  its  p-type  doping  problems.  Among  the 
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Fig.  1.  Vapor  pressures  of  zinc,  selenium,  tellurium  and  their  com¬ 
pounds. 


Group  V  elements,  nitrogen  is  expected  to  behave  as  a 
stable  shallow  acceptor  in  ZnSe.  However,  in  general, 
doping  with  nitrogen  in  the  MBE  process  is  very 
difficult,  because  of  the  low  sticking  coefficients  of  N2 
and  NH3  neutral  molecules.  Recently,  new  methods  of 
doping  ZnSe  with  nitrogen  were  attempted  using  a 
radical  beam  to  enhance  the  sticking  coefficient  of 
nitrogen  during  MBE  growth  of  ZnSe  [2-4].  In  this 
paper,  ZnSe  films  were  grown  by  MBE-ALE  with  N2 
gas  as  dopant,  and  remarkable  results  of  using  ALE  on 
the  doping  efficiency  of  nitrogen  were  obtained. 

The  present  interest  in  ALE  of  II-VI  compounds  is 
primarily  for  epitaxial  growth  of  layered  structures  such 
as  superlattices.  In  particular,  strained-layer  superlat¬ 
tices  (SLSs)  consisting  of  ZnS,  ZnSe  and  ZnTe  are 
promising  for  light-emitting  devices  with  visible  wave¬ 
lengths.  The  use  of  ALE  for  preparing  II-VI  com¬ 
pound  SLSs  consisting  of  very  thin  layers  with  large 
strain  is  motivated  by  several  benefits,  which  include  a 
growth  temperature  lower  than  those  used  for  conven¬ 
tional  MBE,  and  precise  control  of  the  thickness  with 
monolayer  accuracy.  We  have  previously  reported  opti¬ 
cal  and  structural  properties  of  (ZnSe)^-(ZnTe)„  SLSs 
prepared  by  MBE-ALE  [5,  6].  In  this  paper,  the  optical 
properties  of  more  sophisticated  SLS  structures,  which 
consist  of  (ZnSe)^~[(ZnTe)^-(ZnSe)^]„,  are  reported. 

2.  ALE  of  ZnSe  and  ZnTe  by  MBE 

The  conventional  MBE  system  with  solid  sources  of 
zinc,  selenium  and  tellurium  was  used  for  the  ALE 
growth  of  ZnSe,  ZnTe,  and  ZnSe -ZnTe  SLSs.  ZnSe 
and  ZnTe  layers  were  grown  on  (100)  GaAs  substrates. 
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Nitrogen  gas  was  introduced  into  the  chamber  without 
any  plasma  (cracking)  processes.  The  shutters  of  zinc 
and  chalcogens  were  alternately  opened  and  closed  for 
7  s  with  an  interval  of  1  s.  1000  cycles  were  used  in  the 
entire  experiment  for  ALE  of  ZnSe  and  ZnTe. 

Figure  2  shows  the  variation  of  ZnSe  and  ZnTe  film 
thicknesses  with  the  growth  temperature.  It  clearly 
shows  that  ideal  ALE  growth  was  achieved  over  a 
range  of  substrate  temperatures  between  250  and 
350  °C  for  ZnSe.  We  also  investigated  detailed  process¬ 
ing  windows  for  ALE  of  ZnSe.  We  found  that  deposi¬ 
tion  of  the  ideal  number  of  monolayers  per  cycle  was 
obtained  for  the  duration  of  the  zinc  supply  of  4-7  s.  It 
is  interesting  to  note  that  the  growth  rate  was  indepen¬ 
dent  of  selenium  supply  in  the  range  83iVs-1380As, 
where  is  the  surface  density  of  zinc  or  selenium  sites, 
i.e.  the  processing  window  for  the  number  of  supplied 
selenium  atoms  is  very  wide.  We  achieved  drastic  im¬ 
provements  in  surface  flatness  and  the  optical  proper¬ 
ties  of  the  ZnSe  films,  in  comparison  with  ZnSe  films 
prepared  by  conventional  MBE. 

Ideal  ALE  growth  of  ZnTe  was  obtained  in  the  range 
of  substrate  temperature  240-280  °C  with  a  zinc  supply 
of  5ANs  and  a  tellurium  supply  of  8.7^^.  The  processing 
window  for  ALE  growth  of  ZnTe  is  narrower  than  that 
of  ZnSe,  because  the  vapor  pressure  of  ZnTe  is  about 
two  orders  of  magnitude  higher  than  that  of  ZnSe,  as 
shown  in  Fig.  1.  Strictly  speaking,  although  ideal  ALE 
growth  was  achieved  for  ZnTe,  the  conditions  for  ob¬ 
taining  good  crystallinity  are  not  the  same  as  the  ideal 
ALE  growth  conditions.  If  we  adjust  the  tellurium 
beam  intensity  to  achieve  ALE  growth,  the  surface 
morphology  and  crystallinity  are  degraded  by  hillocks. 
The  number  of  hillocks  varies  with  the  tellurium  beam 
intensity.  The  hillocks  may  be  caused  by  tellurium 
precipitates. 


Fig.  2.  Growth  rates  of  ZnSe  and  ZnTe  grown  at  various  substrate 
temperatures  by  ALE. 


In  order  to  remove  hillocks,  deposition  with  a  low 
tellurium  beam  intensity  is  required.  In  Fig.  2,  the 
growth  rate  of  ZnTe  with  a  zinc  supply  of  6.6N^  and  a 
tellurium  supply  of  2.0A^s  is  also  shown.  Under  these 
low-intensity  conditions,  the  growth  rate  is  constant  at 
0.5  monolayers  per  cycle  in  the  range  of  substrate 
temperature  230—270  °C.  We  call  this  type  of  hot-wall 
epitaxy  “fractional  ALE”.  The  first  clear  observation  of 
fractional  ALE  was  reported  by  Faschinger  and  Sitter 
for  CdTe  deposited  onto  (lOO)GaAs  substrates  using 
hot-wall  epitaxy  [7].  The  surface  morphology  of  ZnTe 
films  prepared  by  fractional  ALE  was  observed  under  a 
Nomarski  microscope.  Smooth  surfaces  without  any 
hillocks  were  obtained  for  all  samples. 

The  processing  windows  for  fractional  ALE  were 
also  investigated  for  ZnTe  at  the  substrate  temperature 
of  250  °C.  Figure  3  shows  the  growth  rate  per  cycle  as 
a  function  of  the  zinc  supply.  The  growth  rate  increases 
with  increasing  zinc  supply  and  becomes  constant  at  0.5 
monolayers  per  cycle  for  zinc  supplies  ranging  from 
6.6  As  to  44  As.  In  the  figure,  the  growth  rate  of  ALE 
ZnSe  is  also  shown  as  a  function  of  zinc  supply.  It 
should  be  noted  that  the  growth  rate  for  ZnSe  is  1 
monolayer  per  cycle  for  zinc  supplies  of  about  10  Ag, 
while  it  is  0.5  monolayers  per  cycle  for  ZnTe.  An  excess 
zinc  supply  results  in  a  growth  rate  higher  than  0.5 
monolayers  per  cycle,  and  the  growth  rate  strongly 
depends  on  the  zinc  supply. 

We  also  investigated  the  growth  rate  as  a  function  of 
tellurium  supply.  In  Fig.  4,  the  growth  rate  is  indepen¬ 
dent  of  the  tellurium  supply  for  zinc  supplies  ranging 
from  2.2  As  to  17  A^.  For  zinc  supplies  of  55  A^  and 
94  As,  a  constant  growth  rate  cannot  be  obtained. 
Self-limiting  growth  was  obtained  over  a  wide  range  of 
tellurium  supplies  for  zinc  supplies  of  2.2  Ag- 17  As, 
and  over  a  small  range  of  tellurium  supply  for  a  zinc 
supply  of  44  As.  The  constant  growth  rate  of  0.33 
monolayers  per  cycle  may  be  limited  by  the  shortage  of 
zinc  atoms.  We  did  not  investigate  tellurium  supplies 
larger  than  20  Ag.  However,  the  range  of  tellurium 


Fig.  3.  Growth  rate  of  ZnTe  as  a  function  of  zinc  supply. 
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Fig.  4.  Growth  rate  of  ZnTe  as  a  function  of  tellurium  supply. 


supply  for  fractional  ALE  of  ZnTe  is  much  narrower 
than  that  of  selenium  supply  for  ALE  ZnSe.  This  is 
presumably  because  the  vapor  pressure  of  tellurium  is 
three  orders  of  magnitude  lower  than  that  of  selenium. 

In  conventional  ALE,  the  growth  rate  of  compounds 
is  limited  by  supply  of  the  lower  pressure  element.  For 
example,  in  ALE  growth  of  ZnSe,  the  growth  rate  is 
strongly  affected  by  the  zinc  supply  and  almost  inde¬ 
pendent  of  the  selenium  supply.  However,  in  fractional 
ALE  of  ZnTe,  although  the  vapor  pressure  of  zinc  is 
about  one  order  of  magnitude  higher  than  that  of 
tellurium  at  the  growth  temperature,  as  shown  in  Fig.  1, 
the  self-limiting  growth  rate  is  limited  by  the  zinc 
supply.  This  is  presumably  because  of  surface  recon¬ 
struction  and  the  surface  coverage  of  zinc  atoms  on  the 
growing  surfaces  of  II -VI  compounds. 

In  ALE  of  ZnSe  and  ZnTe,  c(2  x  2)  reflection  high- 
energy  electron  diffraction  patterns  were  observed  after 
zinc  supply  [8].  Kobayashi  and  Horikoshi  proposed  a 
missing  zinc  array  structure  of  the  c(2  x  2)  recon¬ 
structed  surface  [9],  which  indicates  half-coverage  of 
zinc  surface  sites.  The  half-coverage  of  the  zinc  surface 
sites  explains  well  the  self-limiting  growth  at  0.5  mono- 
layers  per  cycle. 


3.  ALE  of  doped  ZnSe 

We  have  previously  attempted  to  grow  ALE  ZnSe 
with  low  resistivity  using  ZnCl2  as  an  n-type  dopant 
[10].  The  shutter  of  the  ZnCl2  cell  was  kept  open  during 
the  growth.  A  carrier  concentration  of  1.5  x  10^^  cm“^ 
could  be  obtained  with  an  electron  mobility  of 
480  cm^  V~^  s“^  at  a  ZnCl2  cell  temperature  of  115  °C. 
Thus,  control  of  n-type  conductivity  of  ZnSe  has  been 
successfully  achieved  by  doping  with  Group  VII  impu¬ 
rities.  However,  ZnSe  cannot  be  efficiently  doped  p- 


type.  In  this  work,  ZnSe  layers  doped  with  nitrogen 
were  grown  by  ALE,  and  the  optical  properties  were 
evaluated. 

Nitrogen-doped  ZnSe  films  were  grown  by  ALE  with 
a  continuous  flow  of  N2  and  alternate  supplies  of  zinc 
and  selenium.  Figures  5(a)  and  5(b)  show  the  photolu¬ 
minescence  (PL)  spectra,  at  4.2  K,  of  nitrogen-doped 
ZnSe  grown  by  ALE.  The  spectra  show  neutral  accep¬ 
tor-bound  exciton  emission  (I, ,  2.792  eV)  and  donor- 
acceptor  pair  emission  (DAP,  2.691-2.694  eV  for 
zero-phonon),  while  the  spectrum  of  undoped  layers 
shows  free  and  donor-bound  exciton  emission.  Al¬ 
though  N2  gas  was  introduced  into  the  chamber  with¬ 
out  any  plasma  (cracking)  processes,  the  PL  spectra 
suggest  incorporation  of  nitrogen  as  a  shallow  acceptor. 
With  an  increasing  nitrogen  flow  rate,  the  intensity  of 
decreases,  whereas  the  DAP  intensity  increases.  These 
observations  are  similar  to  reported  results  [11].  The  PL 
spectrum  of  nitrogen-doped  ZnSe  grown  by  conven¬ 
tional  MBE  shows  only  donor-bound  exciton  emission 
(I2)  as  shown  in  Fig.  5(c).  Though  the  growth  rate  of 
MBE  ZnSe  is  16  times  higher  than  that  of  ALE  ZnSe, 
incorporation  of  nitrogen  as  an  acceptor  into  the  MBE- 
grown  films  was  much  less  than  into  the  ALE-grown 
films.  These  results  indicate  that  the  ALE  proeesses 
enhance  the  sticking  coefficient  of  nitrogen.  In  ALE 
growth  of  ZnSe,  zinc  and  selenium  atoms  are  alter¬ 
nately  deposited  onto  the  surface.  We  speculate  that  the 
sticking  coefficient  of  nitrogen  on  zinc  surfaces  during 
the  interval  might  be  enhanced. 


Wavelength  (nm) 


Fig.  5.  PL  spectra  for  nitrogen-doped  ZnSe:  (a)  ALE  with  N2, 
6  X  10-^  Torr;  (b)  ALE  withN2,  8  x  IQ-^Torr;  (c)  MBE  with  N2, 
6x  10”^  Torr. 
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4.  Optical  properties  of  (ZnSe)^-[(ZnTe)^-(ZnSe)^l„ 
SLSs  grown  by  MBE-ALE 

We  have  previously  reported  optical  and  structural 
properties  of  (ZnSeX„-(ZnTe)„  (m^n  =2,3,4)  SLSs 
grown  on  InP  substrates,  in  which  the  ZnSe  layers  were 
prepared  by  ALE  and  the  ZnTe  layers  by  fractional 
ALE.  Thus,  one  monolayer  of  ZnTe  is  prepared  by  two 
cycles  of  opening  and  closing  the  shutters.  The  sub¬ 
strate  temperature  was  250  °C,  which  is  70  °C  lower 
than  that  used  for  conventional  MBE.  Transmission 
electron  microscopy  (TEM)  was  used  to  investigate  the 
grown  SLS  structures.  The  SLSs  were  deposited  directly 
onto  the  substrate  without  a  buffer  layer.  Figure  6 
shows  a  dark-field  image  of  a  (ZnSe)3-(ZnTe)3  SLS  for 
the  200  diffraction  beam.  High-contrast  stripes,  which 
consist  of  a  dark  stripe  of  ZnSe  and  a  bright  stripe  for 
ZnTe,  are  clearly  observed.  These  stripes  are  observed 
from  a  few  periods  on  the  substrate  through  the  whole 
film.  The  abruptness  and  flatness  of  the  interfaces  are 
not  as  good  as  those  reported  for  GaAs-AlAs  superlat¬ 
tices  [12,  13].  In  addition  to  the  facts  that  the  (ZnSe)3- 
(ZnTe)3  SLS  involves  a  7%  lattice  mismatch  and  was 
heteroepitaxially  grown  on  an  InP  substrate,  the  TEM 
image  shows  a  fine  short-period  superlattice  structure 
which  has  an  abrupt  interface  with  at  most  one-mono- 
layer  steps.  The  X-ray  diffraction  satellites  also  confirm 
that  the  actual  numbers  of  ZnSe  and  ZnTe  monolayers 
are  equal  to  the  intended  numbers.  Raman  scattering 
measurements  showed  that  each  layer  is  strained  in  free 
standing  with  the  substrate. 


(ZnSe)3  -(ZnTe)3  SLS 

Fig.  6.  Dark-field  image  of  (ZnSe)3-(ZnTe)3  SLS  for  the  200  diffrac¬ 
tion  beam. 


We  also  prepared  (ZnSe), -( ZnTe) i  monolayer  super¬ 
lattices.  We  could  not  observe  X-ray  diffraction  satel¬ 
lites  from  this  structure,  and  Raman  scattering  meas¬ 
urements  only  showed  the  shifted  LO  phonon  of  ZnSe. 
These  results  indicate  poor  abruptness  and  flatness  of 
the  ZnTe  layer,  as  previously  reported  [5,  6].  However, 
(ZnSe)i-(ZnTe),  monolayer  superlattices  showed  very 
strong  green-yellow  PL,  even  at  room  temperature. 
Figure  7  shows  the  4.2  K  PL  spectrum  of  a  750  period 
(ZnSe), -(ZnTe),  monolayer  superlattice.  In  order  to 
examine  the  emission  mechanism  in  this  semiconductor 
system,  the  temperature  dependence  of  the  PL  spectrum 
was  studied.  We  found  that  the  spectrum  consists  of 
two  peaks.  By  curve  fitting,  using  the  sum  of  two 
Gaussians,  these  peaks  were  determined  to  be  at 
510  nm  (2.43  eV)  and  538  nm  (2.30  eV).  These  two 
bands  are  denoted  S,  and  S2  [14],  and  are  interpreted  as 
the  recombination  of  excitons  trapped  at  tellurium 
atoms  and  Te„  clusters  respectively.  It  is  thought  that 
the  strong  emission  is  due  to  the  recombination  of 
excitons  tightly  bound  at  tellurium  clusters. 

New  SLS  structures,  which  consist  of  (ZnSe),„- 
[(ZnTe)^-(ZnSe)^]„,  are  now  proposed  to  enhance  the 
emission  intensity  and  to  control  emission  wavelength. 
Usually  (ZnTe)^-(ZnSe)^  SLSs  belong  to  a  type-II 
system,  in  which  electrons  and  holes  are  confined  in 
separate  positions  in  real  space.  Thus,  in  general,  the 
emission  intensity  from  type-II  SLSs  becomes  weak. 
However,  short-period  (ZnTe)^-(ZnSe)^^  SLSs  have  su¬ 
perior  light-emitting  properties  owing  to  tightly  bound 
excitons  at  tellurium  clusters.  In  the  new  SLSs,  the 
[(ZnTe)^-(ZnSe)^]„  layer  contributes  as  a  light-emitting 
region  and  the  (ZnSeX„  layer  as  a  band  gap  control 
region.  It  is  reported  that  capture  is  dominated  by  the 
hole  part  of  the  exciton,  and  before  any  substantial 
exciton  recombination  across  the  superlattice  sub-band- 
gap  takes  place,  capture  of  holes  at  the  tellurium  clus¬ 
ters  takes  place  with  subsequent  strong  radiative 
recombination  with  electrons. 
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Fig.  7.  PL  spectrum  of  (ZnSe)i-(ZnTe),  monolayer  superlattice  at 
4.2  K. 
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Fig.  8.  Energy  band  structure  of  (ZnSe)6-[(ZnTe)i-(ZnSe)2]2  super¬ 
lattice. 


Fig.  9.  Transmittance  spectrum  of  (ZnSe)6-[(ZnTe)i-(ZnSe)2]2  su¬ 
perlattice. 


ZnTe  were  constant  at  1  monolayer  per  cycle  for  sub¬ 
strate  temperatures  of  250-350  and  240-280  °C  respec¬ 
tively.  A  constant  growth  rate  of  0.5  monolayers  per 
cycle  was  also  observed  for  ALE  of  ZnTe  grown  with 
low  beam  intensities.  We  call  this  type  of  self-limiting 
growth  “fractional  ALE”. 

Control  of  conductivity  of  ALE-grown  ZnSe  was 
investigated.  Chlorine-doped  films  exhibit  low  resistiv¬ 
ity  using  ZnCl2  as  an  n-type  dopant.  Nitrogen-doped 
films  were  also  grown  by  ALE  using  N2  without  any 
plasma  process.  The  PL  spectra  of  the  films  showed 
acceptor-bound  excitonic  emission  and  donor -acceptor 
pair  emission,  which  indicates  incorporation  of  nitrogen 
as  a  shallow  acceptor  in  ZnSe.  The  result  indicates  that 
the  ALE  process  enhances  the  sticking  coefficient  of 
nitrogen. 

(ZnSe)^~(ZnTe)„  short-period  SLSs  grown  by  ALE 
exhibit  excellent  abruptness  and  flatness  at  the  inter¬ 
faces  with  at  most  one-monolayer  steps.  Optical  proper¬ 
ties  of  more  sophisticated  superlattice  structures,  which 
consist  of  (ZnSe)^-[(ZnTe)^-(ZnSe)^]„  were  investi¬ 
gated.  It  was  found  that  the  ZnSe-ZnTe  SLS  is  a 
superior  light-emitter  in  the  visible  region. 
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Figure  8  shows  the  energy  band  structure  of  the 
(ZnSe)6-[(ZnTe)i-(ZnSe)2]2  SLS.  We  observed  a  very 
strong  emission  peak  at  2.39  eV  at  4.2  K  and  2.18  eV  at 
room  temperature,  which  corresponds  to  the  S2  band. 
The  transmittance  spectrum  of  this  sample  is  shown  in 
Fig.  9.  The  total  thickness  of  the  SLS  is  515  nm.  The 
GaAs  substrate  was  selectively  removed  using  NH4OH- 
H2O2  solution.  The  PL  peak  position  at  room  tempera¬ 
ture  (2.18  eV)  is  about  0.25  eV  smaller  than  the  sub¬ 
band-gap  energy  of  the  SLS.  The  difference  between  the 
emission  peak  energy  and  the  sub-band-gap  energy 
corresponds  to  the  binding  energy  of  excitions  bound 
at  tellurium  isoelectronic  traps. 

The  emission  peak  energy  (2.39  eV)  is  a  little  larger 
than  that  of  the  monolayer  superlattice  (2.30  eV)  as 
shown  in  Fig.  6.  This  indicates  that  the  emission  peak 
energy  can  be  controlled  by  designing  the  SLS  structures. 


5.  Summary 

The  detailed  growth  conditions  for  ALE  of  ZnSe  and 
ZnTe  were  discussed.  The  growth  rates  of  ZnSe  and 
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Abstract 

We  present  the  first  demonstration  of  atomic  layer  epitaxy  (ALE)  of  HgTe,  CdTe  and  HgCdTe  using  Hg,  Cd  and 
Te  alkyl  chemistry  on  GaAs  and  CdTe  substrates.  The  ALE  deposition  experiments  were  done  at  atmospheric 
pressure  in  a  horizontal  reactor  equipped  with  a  fast  switching  manifold.  Methylallytelluride,  dimethylmercury 
(DMHg)  and  dimethylcadmium  were  used  for  Te,  Hg  and  Cd  sources  respectively.  ALE  of  HgTe  was  achieved  at 
140  °C,  and  the  monolayer  per  cycle  condition  extended  over  a  wide  range  of  DMHg  flux.  ALE  growth  of  CdTe  was 
carried  out  over  a  wide  temperature  range  (250-290  °C)  and  reactant  partial  pressure.  HgCdTe  layers  were  also 
grown  by  alternately  depositing  HgTe  and  CdTe  onto  CdTe  substrates  and  then  interdiffusing  them  at  higher 
temperatures. 


1.  Introduction 

The  deposition  of  HgTe  and  its  alloy  with  CdTe  onto 
large-area  substrates,  with  excellent  compositional  and 
thickness  uniformity,  is  of  great  importance  to  the 
fabrication  of  IR  focal  plane  arrays  [1].  Atomic  layer 
epitaxy  (ALE)  is  especially  suited  for  the  deposition  of 
thin  films  with  monolayer  control  over  film  composition 
and  thickness  [2-5].  Although  ALE  of  a  number  of 
II-VI  compounds,  including  CdTe,  ZnTe  and  ZnSe,  has 
been  successfully  demonstrated,  ALE  of  Hg-containing 
compounds  {e.g.  HgTe)  has  been  complicated  by  the  fact 
that  the  vapor  pressure  of  Hg  over  Hg  is  comparable 
with  that  of  Hg  over  HgTe.  Moreover,  the  vapor 
pressure  of  Hg  over  HgTe  is  very  high  at  typical  growth 
temperatures.  Consequently,  direct  ALE  of  Hg(Cd)Te 
using  elemental  components  has  not  been  possible.  In 
this  paper  we  report  on  the  first  demonstration  of  ALE 
of  HgTe,  CdTe  and  HgCdTe  using  Hg,  Cd,  and  Te  alkyl 
chemistry  on  GaAs  and  CdTe  substrates. 


2.  Experimental  details 

The  present  ALE  experiments  were  conducted  in 
a  horizontal  metalorganic  chemical  vapor  deposition 
(MOCVD)  reactor  operated  at  atmospheric  pressure 
and  equipped  with  a  fast  switching  manifold.  The 
small- volume  quartz  reaction  chamber  (2  inch  diame¬ 
ter)  was  designed  to  minimize  the  gas  switching  time 


during  the  ALE  experiments.  The  samples  were 
mounted  on  a  graphite  susceptor  r.f.  heated  to  tem¬ 
peratures  typically  in  the  range  100-400  °C.  Methyal- 
lytelluride  (MATe),  dimethylmercury  (DMHg)  and 
dimethylcadmium  (DMCd)  were  used  for  Te,  Hg  and 
Cd  sources  respectively.  For  the  case  of  ALE  of  HgTe, 
the  walls  of  the  reaction  chamber  up-stream  of  the 
susceptor  were  heated  to  340  °C  using  a  clam  shell 
heater,  in  order  to  aid  in  the  partial  precracking  of 
DMHg.  ALE  was  achieved  by  gas  switching;  a  typical 
ALE  cycle  was  12  s,  consisting  of  equal  periods  of 
exposure  of  the  substrate  to  the  Group  II  and  the 
Group  VI  reactants  separated  by  H2  purging  periods  of 
3  s  duration.  Films  were  deposited  onto  CdTe  and 
GaAs  substrates  oriented  2°  off  the  (100)  towards  the 
<110>  direction. 

The  structural,  optical  and  electrical  characteristics  of 
the  deposited  films  are  reported.  Characterization  tools 
include  Nomarski  optical  microscopy,  double-crystal 
X-ray  diffraction,  cross-sectional  transmission  electron 
microscopy  (TEM),  cross-sectional  scanning  electron 
microscopy  (SEM),  and  Fourier  transform  IR  spec¬ 
troscopy  (FTIR). 


3.  Results  and  discussion 

3A,  ALE  of  CdTe 

The  epitaxial  growth  of  CdTe  on  CdTe  substrates  by 
ALE  using  elemental  Cd  and  Te  sources  has  been 
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Fig.  1.  (a)  The  change  in  growth  rate  as  a  function  of  deposition 
temperature  for  ALE  of  CdTe.  (b)  CdTe  growth  rate  as  a  function 
of  MATe  partial  pressure  at  a  constant  DMCd  pressure  of  2.1  x 
atm  and  temperature  (7g  =  250  "'C). 


reported  earlier  [4,  6],  but  MOCVD  of  CdTe  by  ALE 
using  MATe  and  DMCd  precursors  has  not  been  re¬ 
ported.  The  advantage  of  MATe  is  its  low  decompo¬ 
sition  temperature,  which  has  been  shown  to  yield 
high-quality  HgTe  and  HgCdTe  at  low  deposition  tem¬ 
peratures  [7].  The  inital  ALE  experiments  were  devoted 
to  identifying  the  temperature  window  for  ALE  of  CdTe 
using  the  alkyl  precursors.  We  investigated  the  tempera¬ 
ture  range  200-290  ®C,  using  a  typical  12  s  ALE  cycle 
and  keeping  the  MATe  and  DMCd  partial  pressures  at 
1  X  10""^  and  2  x  lO""^  respectively.  Figure  1(a)  shows 
the  growth  rate  saturating  at  the  one  monolayer  per 
cycle  condition  in  the  temperature  range  270-290  ""C. 
Increasing  the  partial  pressure  of  the  reactants  at  a  lower 
temperature  (250  °C)  resulted  in  an  increase  in  the 
growth  rate,  which  saturated  at  one  monolayer  per  ALE 
cycle.  This  condition  persisted  with  increased  DMCd 
and  MATe  partial  pressures.  Figure  1(b)  shows  the 
self-limiting  feature  of  CdTe  ALE  at  250  °C  with  in¬ 
creasing  MATe  partial  pressure.  Films  deposited  onto 
CdTe  and  GaAs  substrates  had  excellent  surface  mor- 


Fig.  2.  SEM  image  of  typical  surface  morphology  for  ALE  CdTe  on 
GaAs. 


phologies  and  thickness  uniformities.  Figure  2  shows  a 
typical  SEM  image  of  the  surface  morphology  of  ALE 
CdTe  on  GaAs  deposited  at  250  °C.  Previous  work  on 
ALE  of  CdTe  by  molecular  beam  epitaxy  (MBE) 
showed  monolayer  saturation  in  the  temperature  range 
267-277  °C,  which  is  significantly  narrower  than  that 
reported  in  the  present  experiments  (250-290  °C).  A 
lower  ALE  deposition  temperature  is  desirable  to  allow 
isothermal  ALE  of  HgTe  and  CdTe  and  to  prevent 
interdiffusion  in  multilayered  structures.  This  may  be 
possible  by  using  an  alternative  Cd  precursor. 

5.2  ALE  of  HgTe 

ALE  of  Hg-containing  compounds  has  eluded  re¬ 
searchers  in  the  field  owing  to  the  low  sticking  co¬ 
efficient  of  Hg  (in  the  range  of  10“"^)  at  the  typical 
MBE  deposition  temperatures  (180-200  °C),  which 
makes  it  difficult  to  saturate  a  monolayer  of  Hg  during 
an  ALE  cycle.  In  order  to  address  this  problem,  we 
decided  to  lower  the  ALE  deposition  temperature  to 
minimize  the  Hg  evaporation  rate  during  the  ALE 
purge  cycle;  moreover,  we  believed  that  an  Hg  alkyl 
such  as  DMHg  might  be  a  more  stable  adsorbent  on 
the  HgTe  surface.  Evaporation  experiments  were  con¬ 
ducted  with  HgTe  films  (on  CdTe  substrates)  heated  in 
H2  in  the  absence  of  Hg  over-pressure,  simulating  the 
H2  purge  in  an  ALE  experiment.  The  weight  loss  of  the 
wafer  was  correlated  with  the  evaporation  of  the  film.  It 
was  concluded  that  the  substrate  temperature  must  be 
kept  below  200  "’C,  where  the  evaporation  rate  is  ap¬ 
proximately  4As“^;  evaporation  at  temperatures  less 
than  160  ""C  is  negligible  for  typical  H2  purge  periods  of 
4  s.  Since  precursors  decomposing  at  these  low  tempera¬ 
tures  are  not  available,  partial  cracking  of  the  reactants 
was  achieved  by  holding  the  front  end  of  the  reactor  at 
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Fig.  3.  Deposition  rate  of  ALE  HgTe  as  a  function  of  DMHg  partial 
pressure. 


345  °C  while  the  susceptor  was  maintained  at  the 
growth  temperature  of  120-160  °C. 

Using  an  ALE  time  sequence  of  6/2/4/2  s  for  DMHg/ 
H2/MATe/H2  respectively,  the  growth  rate  was  invari¬ 
ant  with  temperature  in  the  range  120-160  °C.  Figure  3 
shows  the  stable  one  monolayer  per  cycle  condition 
with  increasing  DMHg  flux  at  140  ""C  and  an  MATe 
partial  pressure  of  1.4  x  lO^'^atm.  Uniform  HgTe  films 
were  deposited  onto  CdTe  and  GaAs  with  very  smooth 
morphologies  if  the  growth  rate  was  less  than  or  equal 
to  one  monolayer  per  cycle.  However,  the  growth  rate 
of  HgTe  does  not  seem  to  saturate  with  increasing 
MATe  partial  pressure.  This  cannot  be  due  to  gas  phase 
intermixing,  since  negligible  growth  occurs  with  con¬ 
ventional  MOCVD  of  HgTe  at  140  X  for  1  h,  while  a 
uniform  film  obtains  with  monolayer  growth  using  the 
ALE  sequence  at  the  same  temperature.  The  cause  of 
this  behavior  is  not  understood;  one  possibility  may  be 


Fig.  4.  SEM  image  of  typical  surface  morphology  for  ALE  HgTe  on 
GaAs. 


1000  A 


Fig.  5.  Cross-sectional  TEM  bright-field  image  of  ALE  HgTe  on 
GaAs,  deposited  at  140°C. 


Te  condensation  at  these  low  deposition  temperatures. 
Figure  4  shows  a  typical  surface  morphology  of  ALE 
HgTe  on  GaAs  deposited  at  140  °C.  Improved  surface 
morphology  is  observed  when  a  thin  initial  ALE  CdTe 
film  less  than  100  A  thick  is  deposited  onto  the  GaAs 
substrate  prior  to  ALE  of  HgTe.  Figure  5  is  a  cross- 
sectional  TEM  image  of  ALE  HgTe  on  GaAs.  An 
important  feature  is  the  absence  of  planar  defects  such 
as  micro  twins  and  stacking  faults,  which  illustrates  the 
advantage  of  ALE  in  promoting  two-dimensional 
growth.  Also  of  interest  is  the  presence  of  a  uniform 
array  of  misfit  dislocations  at  the  HgTe-GaAs  inter¬ 
face,  which  efficiently  accommodates  the  lattice  mis¬ 
match.  These  features  have  recently  been  observed  in 
heteroepitaxy  of  other  lattice-mismatched  systems  such 
as  GaAs  on  Si  [8].  The  electron  diffraction  pattern  of 
the  film  shows  that  it  has  a  similar  orientation  to  that 
of  the  substrate  [100]. 

3.J.  ALE  of  HgCdTe 

Since  the  temperature  windows  for  ALE  of  CdTe  and 
HgTe  do  not  overlap,  continuous  in  situ  growth  of  the 
ordered  or  mixed  alloy  was  not  possible.  (The  requisite 
isothermal  deposition  process  could,  perhaps,  be 
achieved  by  using  an  alternate  Cd  precursor  to  lower 
the  ALE  deposition  temperature  for  CdTe).  For  the 
present  experiments,  HgCdTe  was  grown  by  sequen¬ 
tially  depositing  ALE  HgTe  and  CdTe  at  their  respec¬ 
tive  ALE  growth  temperatures.  The  target  HgCdTe 
composition  x  =  0.33  was  achieved  by  adjusting  the 
relative  thickness  ratio  of  HgTe  to  CdTe  to  2:1;  the 
structure  was  subsequently  homogenized  by  annealing 
the  wafer  at  350  °C  for  30  min,  typically  similar  to  the 
interdiffusion-multilayer  process  (IMP)  [9].  The  actual 
structure  consisted  of  50  nm  CdTe  at  250  °C  followed 
by  150  nm  HgTe  at  140  °C,  repeated  twice,  followed  by 
a  thin  50  nm  CdTe  cap.  Figure  6  shows  the  FTIR 
transmission  characteristics.  The  composition  of  the 
film  was  estimated  to  be  x  =  0.33,  in  excellent  agree¬ 
ment  with  the  target  composition. 
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Fig.  6.  FTIR  transmission  curve  of  0.42  \xm  thick  HgCdTe  film  after  sequential  growth  and  homogenization  of  the  CdTe-HgTe  ALE  layers. 


4.  Conclusions 

We  have  demonstrated  for  the  first  time  ALE  of 
CdTe  on  both  CdTe  and  GaAs  substrates  using  MATe 
and  DMCd  precursors.  High-quality  films  with  excel¬ 
lent  surface  morphology  were  deposited  at  250  °C.  ALE 
of  CdTe  is  especially  suited  for  passivation  of  device 
structures  with  different  topographical  features.  ALE  of 
HgTe  was  demonstrated  using  DMHg  and  MATe  at 
140  °C.  The  one  monolayer  per  cycle  condition  ex¬ 
tended  over  a  wide  range  of  Hg  vapor  pressure.  This  is 
the  first  demonstration  of  a  self-limiting  feature  in  an 
Hg-containing  compound.  HgCdTe  films  were  achieved 
by  interdiffusing  sequentially  deposited  CdTe  and  HgTe 
layers.  ALE  is  a  powerful  deposition  tool  for  high-qual¬ 
ity  lattice-mismatched  heteroepitaxial  films. 
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Abstract 

ZnTe-CdTe  superlattices  with  periods  ranging  from  13  A  to  38  A  were  grown  by  atomic  layer  epitaxy  on  (001)  GaAs 
substrates  and  monitored  in  situ  by  reflected  high-energy  electron  diffraction.  The  substrate  temperature  was  varied 
from  215  °C  to  300  °C.  The  superlattices  were  characterized  by  high-resolution  X-ray  diffraction  and  the  growth  rate 
per  reaction  cycle  was  determined  from  the  separation  of  satellite  peaks.  Between  270  and  290  °C,  the  growth  rate 
maintained  itself  at  exactly  0.5  monolayers  per  cycle,  allowing  the  growth  of  precisely  tailored  structures.  As  the 
substrate  temperature  was  reduced  below  270  °C,  the  growth  rate  increased  to  approximately  0.8  monolayers  per  cycle, 
but  it  did  not  reach  1  monolayer  per  cycle  before  polycrystalline  ZnTe  was  nucleated  at  205  °C. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  of  semiconductors  has 
recently  attracted  considerable  interest,  because  it  has 
the  two-fold  capability  of  precisely  controlling  layer 
thickness  and  of  growing  high  quality  films  at  low 
substrate  temperature  with  minimum  interdiffusion. 
This  is  a  consequence  of  the  fact  that,  provided  the 
growth  parameters  are  chosen  properly,  ALE  growth 
occurs  in  discrete,  self-limiting  steps. 

Multilayers  of  II-VI  wide  gap  compound  semicon¬ 
ductors  are  of  current  interest  for  applications  in  short- 
wavelength  optoelectronic  devices.  CdTe  and  ZnTe  are 
both  direct  gap  semiconductors  with  band  gaps  of  1.6 
and  2.2  eV  respectively.  By  varying  the  thicknesses  of 
the  CdTe  and  ZnTe  layers  the  band  gap  can  be  tailored. 
If  the  thickness  of  each  layer  is  kept  below  the  critical 
thickness,  these  superlattices  (SLs)  can  be  grown  with¬ 
out  introducing  additional  misfit  dislocations.  Further¬ 
more,  these  SL  structures  may  be  perfectly  suitable  as 
buffer  layers  for  defect  reduction  [1]  in  hetero structures 
such  as  CdTe  on  GaAs. 


2.  Experimental  procedure 

The  experiments  were  performed  in  a  vertical  molec¬ 
ular  beam  epitaxy  (MBE)  system  equipped  with  a 
reflection  high-energy  electron  diffraction  (RHEED) 
system  (Staib  Instruments)  and  seven  effusion  cell  ports 


with  fast,  magnetically  coupled  shutters  for  operation  in 
the  ALE  mode.  For  ALE  growth  of  ZnTe  and  CdTe, 
elemental  zinc,  cadmium  and  tellurium  effusion  cells 
were  specially  constructed.  As  substrate  material,  we 
used  semi-insulating  GaAs  oriented  T"  off  (100)  to¬ 
wards  the  <110>  direction.  The  substrates  were  chemi¬ 
cally  cleaned  in  a  standard  H2SO4-H2O2  etch  and 
preheated  at  640  °C  before  growth  in  order  to  desorb 
the  oxide  layer.  A  nude  ionization  gauge  placed  near 
the  substrate  was  calibrated  for  zinc,  cadmium  and 
tellurium  beam  intensities  by  depositing  polycrystalline 
zinc,  cadmium  and  tellurium  films  onto  etched  and 
preheated  GaAs  substrates  at  a  substrate  temperature 
of  — 10  °C  to  avoid  any  re-evaporation. 

In  all  experiments,  we  grew  first  a  0.7- 1.2  pm  thick 
MBE  ZnTe  buffer  layer  at  a  substrate  temperature  of 
310  °C  to  overcome  the  large  lattice  mismatch  between 
the  substrate  and  the  epilayer.  In  the  following  ALE 
growth,  the  constituents  were  deposited  in  alternating 
pulses  of  1-2  s  duration  with  0.2  s  dead  time  in  be¬ 
tween.  The  beam  flux  intensities  were  adjusted  to  de¬ 
posit  2-5  monolayers  (ML)  cadmium,  1. 6-2.6  ML 
zinc,  and  1.3-2  ML  tellurium  within  one  evaporation 
pulse. 

In  the  first  set  of  experiments,  we  examined  the 
growth  of  ZnTe/CdTe  superlattices  as  a  function  of 
substrate  temperature  in  the  range  215-300  °C.  The 
nominal  structure  of  all  superlattices  is  12  growth  cycles 
ZnTe  and  12  growth  cycles  CdTe  repeated  30  times. 
Then  we  grew  a  series  of  superlattices  with  constant 
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total  thickness  (560  nm),  a  nominal  composition  of  50% 
and  a  nominal  period  ranging  from  12  growth  cycles 
ZnTe  and  12  growth  cycles  CdTe  to  four  growth  cycles 
ZnTe  and  four  growth  cycles  CdTe  at  a  substrate 
temperature  of  280  °C. 

After  growth,  high-resolution  X-ray  diffraction 
(HRXD)  measurement  using  Cu  Koc  radiation  was  car¬ 
ried  out  around  the  (004)  reflection  to  determine  the  SL 
period  from  the  spacing  of  satellites.  In  the  case  of  the 
superlattice  with  a  period  of  20  A,  corresponding  to 
3MLZnTe/3MLCdTe,  we  measured  four  asymmetric 
((026),  (335),  (335)  and  (315))  diffractions  in  order  to 
analyse  the  layer  structure  more  precisely. 


3.  Results  and  discussion 

A  series  of  superlattices  was  grown  with  12  growth 
cycles  ZnTe  and  12  growth  cycles  CdTe  repeated  30 
times.  The  surface  of  the  epilayers  was  mirror  like  and 
showed  the  same  flatness  as  the  GaAs  substrate,  shown 
by  Nomarski  interference  contrast  micrographs.  Fig¬ 
ure  1  shows  the  thickness  of  the  superlattice  period  vs. 
substrate  temperature.  Below  205  °C,  the  ZnTe  was 
polycrystalline,  as  shown  by  polycrystalline  fringes  in 
the  RHEED  pattern.  The  upper  solid  line  is  calculated 
for  an  ideal  ALE  process  with  a  growth  rate  of  1  ML 
per  growth  cycle  for  each  compound.  It  can  be  seen 
that  ideal  ALE  growth  with  1  ML  per  growth  cycle  was 
not  achieved.  The  lower  solid  line  is  calculated  for  an 
ALE  process  with  a  growth  rate  of  0.5  ML  per  growth 
cycle  for  each  compound.  The  good  agreement  with  the 
period  thickness  of  superlattices  grown  in  the  tempera¬ 


ture  range  270-290  °C  suggests  that  there  is  a  self-regu¬ 
lating  region  with  a  growth  rate  of  0.5  ML  per  growth 
cycle.  Furthermore,  three  superlattices  with  cadmium 
effusion  rates  varying  from  5  to  2  ML  per  evaporation 
pulse,  zinc  rates  varying  from  1.6  to  2.6  ML  per  evapo¬ 
ration  pulse,  and  tellurium  rates  varying  from  1.2  to 
2  ML  per  evaporation  pulse  were  grown  at  270  °C. 
The  measured  period  thickness  is  the  same  within  ex¬ 
perimental  error,  proving  the  self-regulating  mechanism 
in  this  range  of  substrate  temperature.  This  is  in  agree¬ 
ment  with  data  reported  in  the  literature.  The  growth 
rate  of  0.5  ML  per  growth  cycle  was  reported  by 
Takemura  et  al  [2]  for  ZnTe  and  by  Faschinger  and 
Sitter  [3]  for  CdTe.  Li  et  al  [4]  grew  ZnTe/CdTe 
multiquantum  wells  with  a  growth  rate  of  about  0.5  ML 
per  growth  cycle.  Faschinger  and  Sitter  [3]  proposed  a 
model  for  the  growth  process  leading  to  half-monolayer 
growth. 

For  further  investigations  of  the  self-regulating  re¬ 
gion,  we  grew  a  series  of  superlattices  with  different 
periods  but  constant  total  thickness.  Figure  2  shows  the 
experimental  superlattice  period  vs.  the  theoretical  su¬ 
perlattice  period  calculated  with  a  growth  rate  of 
0.5  ML  per  growth  cycle.  The  solid  line  denotes  the 
expected  result.  As  one  can  see,  the  agreement  between 
calculated  and  measured  period  thickness  is  excellent 
(discrepancy  less  than  or  equal  to  5%),  proving  the 
high  reproducibility  due  to  self-regulating  growth.  The 
differences  between  theoretical  and  measured  period 
thicknesses  are  comparable  with  the  results  obtained  by 
Lentz  et  al  [5],  who  grew  their  ZnTe/Cdo.9Zno.i  Te 
superlattices  on  (001)  Cdo.96Znoo4Te  substrates  with 
phase-locked  epitaxy.  However,  in  our  case  the  experi- 
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Fig.  1.  Superlattice  period  as  a  function  of  substrate  temperature.  The  upper  solid  line  denotes  the  period  for  a  growth  rate  of  1  ML  per  growth 
cycle,  the  lower  line  that  for  a  growth  rate  of  0.5  ML  per  growth  cycle. 
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Fig.  2.  Superlattice  period  of  the  superlattices  grown  at  a  substrate  temperature  of  280  theoretical  superlattice  period  for  a  growth  rate 

of  0.5  ML  per  growth  cycle. 


mental  requirements  are  less  critical,  as  the  growth 
regulates  itself. 

Figures  3(a)  and  3(b)  show,  as  an  example,  the  HRXD 
spectra  of  superlattices  with  periodicities  6MLZnTE/ 
6MLCdTe  repeated  150  times  and  2MLZnTe/2MLCdTe 
repeated  450  times.  The  full  width  at  half-maximum 
(FWHM)  of  the  diffraction  peaks  is  approximately 
800  arcsec.  This  large  value  reflects  the  high  dislocation 
density,  which  is  a  consequence  of  the  large  lattice 
mismatch  (approximately  9%)  relative  to  the  GaAs 
substrate.  However,  the  FWHM  of  the  ZnTe  buffer  peak 


and  the  SL  peaks  are  comparable,  which  means  that  the 
dislocation  density  is  determined  by  the  quality  of  the 
buffer.  The  spectrum  of  the  superlattice  with  a  period 
length  of  6MLZnTe/6MLCdTe  clearly  shows  satellites 
up  to  the  order  of  +2  and  —2.  The  intensity  between 
satellites  almost  reaches  the  background  intensity  level 
of  1  count  per  second.  This  is  a  sign  of  highly  perfect 
periodicity,  since  periodicity  fluctuations  would  result  in 
a  rise  in  background  intensity  between  peaks  [6]. 

The  excellent  structure  of  the  SLs  is  demonstra¬ 
ted  by  Fig.  3(b).  The  superlattice  with  a  periodicity  of 


Fig.  3.  (a) 


268 


F.  Hauzenberger  et  al  /  CdTe-ZnTe  short -period  superlattices 


104  k 


GO 

Qu 
O 


b) 

2  ML  ZnTe/2  ML  CdTe 


GaAs-Substrate 


ZnTe-Buffer 


c 

o 


10'  b 


lO^b 


iUMjyu 


10‘ 


22 


24  26  28  30  32  34  36  38 


(b)  Omega  [°] 

Fig.  3.  HRXD  spectra  of  the  (004)  peak  of  superlattices  with  the  structures  (a)  6MLZnTe/6MLCdTe  (150  repetitions),  and  (b)  2MLZnTe/ 
2MLCdTe  (450  repetitions). 


2MLZnTe/2MLCdTe  is,  to  our  knowledge,  the  CdTe/ 
ZnTe  SL  with  the  smallest  periodicity  published  so  far. 
For  a  superlattice  with  such  a  short  period  even  low 
interdiffusion  or  period  fluctuations  would  efficiently 
reduce  satellite  peak  intensities.  Nevertheless,  first-order 
satellites  are  clearly  observed  and  their  relative  intensity 
compared  with  the  zero-order  peak  corresponds  to  the 
value  we  calculated  by  dynamic  diffraction  theory  for 
an  ideal  2ML/2ML  SL.  This  is  in  good  agreement  with 
results  obtained  from  far-IR  reflectivity  measurements 
of  the  same  series  of  samples,  where  the  energy  shift  of 
phonons  confined  in  the  CdTe  layers  is  evaluated  [7]. 

The  position  of  the  zero-order  peak  of  asymmetric 
reflections  is  determined  by  the  average  composition  x 
of  the  SL  and  the  strain  within  the  layers.  The  strain 
tensor  was  calculated  from  the  position  of  measured 
asymmetric  reflections  using  x  as  a  parameter.  The 
calculations  were  done  under  the  following  assump¬ 
tions:  (i)  the  strain  tensor  is  diagonal,  (ii)  the  in-plane 
components  of  the  strain  tensor  are  equal,  and  (iii)  the 
vertical  component  is  related  to  the  in-plane  compo¬ 
nents  via  the  elastic  constants 

Figure  4  shows  the  in-plane  lattice  constant 
calculated  for  x  values  between  0.47  and  0.50  for 
the  sample  with  periodicity  of  3MLCdTe/3MLZnTe. 
Within  these  limits,  the  resulting  strain  depends 
strongly  on  the  assumed  x  value.  It  changes  from 
completely  relaxed  =  d^uik)  for  x  =  0.47  to  com¬ 
pletely  strained  (^4^[CdTe]  =  ^4^[ZnTe])  for  x  =0.5. 

Cibert  et  al.  [8]  reported  a  critical  thickness  of  5  ML 
for  CdTe  on  ZnTe  and  indicated  that  a  similar  value 
should  be  valid  for  ZnTe  on  CdTe.  Sugiyama  et  al.  [1] 
observed  a  critical  thickness  for  ZnTe/CdTe  quantum 


6.6  I  '  '  ‘  ’  I  ■  •  •  ■  "T 


0.46  0.47  0.48  0.49  0.5  0.51  0.52 

Composition  x 

Fig.  4.  In-plane  lattice  constant  as  a  function  of  composition  x 
calculated  from  measurements  of  asymmetric  X-ray  reflections.  The 
periodicity  of  this  superlattice  is  3MLZnTe/3MLCdTe  (300  repeti¬ 
tions).  The  horizontal  solid  line  denotes  the  in-plane  lattice  constant 
calculated  from  elastic  theory  for  a  free-standing  strained-layer  super¬ 
lattice,  ^/znTe  and  d'cdTe  dcnotc  the  corresponding  bulk  lattice  constants. 

wells  between  17  and  19  A  from  photoluminescence 
measurements.  Therefore,  we  conclude  that,  for  the 
superlattice  with  a  periodicity  of  3MLCdTe/3MLZnTe, 
the  thickness  of  each  individual  layer  is  well  below  the 
critical  thickness.  As  a  consequence,  it  is  reasonable  to 
assume  that  this  superlattice  is  of  the  strained-layer 
type,  which  means  that  the  in-plane  lattice  constants  of 
CdTe  and  ZnTe  are  equal.  Under  this  assumption,  an  x 
value  of  0.497  ±  0.005  results  from  Fig.  4.  This  value, 
which  corresponds  exactly  with  the  nominal  value,  is 
striking  proof  for  the  efficiency  of  the  self-regulating 
process. 
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The  horizontal  solid  line  in  Fig.  4  denotes  the  in-plane 
lattice  constant  calculated  by  elastic  theory  for  a  free¬ 
standing  strained-layer  superlattice  [7].  From  the  agree¬ 
ment  with  our  data  for  x  =  0.497,  we  conclude  that 
our  superlattice  is  free  standing.  The  result  is  an  agree¬ 
ment  with  the  data  of  Miles  et  al.  [9],  who  reported  a 
free-standing  configuration  for  their  ZnTe/CdTe  super¬ 
lattices  on  GaAs  substrates  from  photoluminescence 
measurements  and  second-order  kp  calculations. 


4.  Conclusion 

CdTe-ZnTe  short-period  superlattices  have  been 
grown  by  ALE  on  (001)  GaAs  substrates.  We  have 
shown  that  the  ALE  method  is  well  suited  for  the 
fabrication  of  precisely  tailored  structures.  In  the  sub¬ 
strate  temperature  range  between  270  and  290  °C,  ALE 
is  maintained  at  a  growth  rate  of  0.5  ML  per  growth 
cycle.  HRXD  measurements  show  that  superlattices  in 
this  substrate  temperature  range  exhibit  excellent  period 
constancy  and  low  interdiffusion.  The  composition  is 
exactly  0.5,  which  proves  the  reliability  of  the  self-regu- 
lation  mechanism. 
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Abstract 

We  propose  a  novel  growth  technique  for  the  preparation  of  wide  gap  II -VI  compounds  and  heterostructures, 
self-limiting  monolayer  epitaxy  (SME).  The  basic  idea  of  SME  is  that  atoms  physisorbed  on  top  of  an  atomically 
flat  surface  are  more  loosely  bound  than  atoms  incorporated  into  a  completed  monolayer.  Thus  one  expects  eventual 
re-evaporation  of  the  material  which  has  been  deposited  in  excess  to  complete  monolayers,  leading  to  a  two-dimen¬ 
sional  and  self-limiting  growth  process.  ZnS  epitaxial  layers  and  ZnSe/CdSe  superlattices  were  grown  on  GaAs 
substrates  using  the  SME  technique,  giving  evidence  for  the  self-limiting  behaviour  of  this  growth  process.  The 
superlattices  grown  using  this  method  are  of  very  good  quality,  as  revealed  by  high-resolution  X-ray  diffraction  and 
photoluminescence  measurements. 


1.  Introduction 

Wide  gap  II-VI  heterostructures  containing  selenium 
or  sulphur  compounds  have  recently  attracted  consider¬ 
able  interest  since  blue -green  laser  diodes  have  been 
demonstrated  [1,  2].  In  order  to  obtain  high  quality 
heterostructures,  quantum  wells  and  superlattices  (SLs) 
with  well  defined  thickness  and  abrupt  interfaces,  an 
ultrahigh  vacuum  (UHV)  growth  method  with  precise 
thickness  control  on  a  monolayer  (ML)  scale  is  desir¬ 
able.  We  have  developed  a  new  technique,  which  we 
call  self-limiting  monolayer  epitaxy  (SME).  It  combines 
the  advantages  of  a  self-regulating  growth  process,  as 
achieved  by  atomic  layer  epitaxy  (ALE)  with  the  fea¬ 
ture  that  both  constituents  of  a  compound  are  present 
simultaneously  at  an  epilayer  surface,  as  is  typical  of 
molecular  beam  epitaxy  (MBE).  SME  avoids  the  prob¬ 
lems  related  to  ALE  and  MBE.  Monolayer  growth  in 
ALE  processes  is  often  prohibited  by  the  formation  of 
submonolayer  coverages  of  the  more  volatile  con¬ 
stituents,  in  our  case  sulphur  and  selenium,  which  re¬ 
evaporate  easily  from  the  surface  [3].  In  MBE  growth 
processes,  however,  a  lack  of  accuracy  of  flux  control 
leads  to  interface  roughness,  which  deteriorates  the 
properties  of  the  grown  structure. 


*Permanent  address:  Institute  de  Pesquisas  Espaciais,  CP515, 
12201 -S.J.  Campos,  SP,  Brazil. 


The  main  idea  of  SME  is  that  a  particle  on  top  of  a 
flat  surface  has  a  smaller  number  of  nearest  and  next- 
nearest  neighbours  and  is  therefore  less  strongly  bound 
than  a  particle  incorporated  into  the  flat  surface.  This 
difference  in  bond  energy  can  be  used  for  self  regula¬ 
tion.  SME  is  achieved  by  offering  the  more  volatile 
constituents  sulphur  and  selenium  permanently,  while 
the  Group  II  constituents  cadmium  or  zinc  are  offered 
in  a  pulsed  mode.  In  Fig.  1  we  compare  typical  growth 
sequences  for  MBE,  ALE  and  SME.  In  analogy  to 
ALE  we  call  the  time  from  one  Group  II  evaporation 
pulse  to  the  next  one  a  growth  cycle.  An  ideal  SME 
growth  cycle  consists  of  very  short  MBE  pulses,  fol¬ 
lowed  by  intermissions  during  which  the  material 
growth  in  excess  of  a  full  monolayer  re-evaporates.  If 
one  increses  the  amount  of  material  offered  during  the 
pulse  times,  one  would  expect  that  the  SME  growth 
rate  per  cycle  would  Increase  in  discrete  steps  of  one 
monolayer. 

2.  Experimental  details 

2.1.  ZnS 

ZnS  was  grown  in  an  MBE  system  from  elemental 
sources.  The  sulphur  source  was  equipped  with  a  ther¬ 
mal  cracker  which  was  kept  at  500  °C.  The  substrate 
was  (100)  oriented  GaAs.  Since  it  turned  out  that  ZnS 
did  not  grow  directly  on  GaAs,  a  50-100  A  thick  ZnTe 
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Fig.  1.  Shutter  sequences  for  MBE,  ALE  and  SME. 


buffer  was  grown  in  order  to  initiate  ZnS  growth.  The 
substrate  temperature  was  280  °C  except  for  one  sample 
which  was  grown  at  300  °C.  A  number  of  epilayers  were 
prepared  in  the  MBE  mode  for  growth  rate  determina¬ 
tion.  For  SME  grown  films  the  pulse  time,  in  which  the 
zinc  source  was  opened,  was  varied  between  1.5  and  5  s, 
with  an  intermission  of  1  s.  The  beam  intensities  were 
measured  in  situ  using  a  pressure  gauge  placed  near  the 
substrate.  The  thickness  of  the  deposited  films  was 
determined  by  scanning  over  a  shadow  edge  with  a 
calibrated  mechanical  profilometer. 

2.2.  ZnSejCdSe  superlattices 

ZnSe^/CdSe^  superlattices  (where  m  and  n  are  the 
numbers  of  ZnSe  and  CdSe  monolayers  respectively) 
were  grown  including  a  series  of  symmetrical  {m  —  n) 
SLs  with  m  —n  ranging  from  2  to  6.  ZnSe  and  CdSe 
epitaxial  layers  were  prepared  using  the  MBE  technique 
to  determine  the  growth  rates. 

The  growth  of  the  selenium  compounds  and  SLs  was 
performed  in  a  vertical  UHV  growth  chamber  equipped 
with  seven  effusion  cells  and  a  reflection  high-energy 
electron  diffraction  (RHEED)  system.  A  nude  ion 
gauge  was  situated  in  the  vicinity  of  the  substrate.  It 
was  used  to  measure  the  beam  equivalent  pressures 


(BEPs)  of  the  atomic  and  molecular  fluxes.  Cadmium, 
zinc  and  selenium  were  evaporated  from  elemental  solid 
source  effusion  cells,  developed  in  our  laboratory,  each 
equipped  with  two  separately  controlled  heating  zones. 
The  selenium  source  contained  a  thermal  cracker,  kept 
at  470  °C,  which  efficiently  reduces  the  number  of  sele¬ 
nium  molecules  larger  than  Se2. 

(100)  GaAs  substrates  misoriented  2*"  towards  the 
next  (110)  direction  were  used  for  the  growth  experi¬ 
ments.  The  SLs  were  grown  on  top  of  ZnSe  MBE 
buffers,  the  thickness  of  which  ranged  from  0.3  to  1  pm. 
The  substrate  temperature  was  300  °C. 

During  the  superlattice  growth  process  only  the  shut¬ 
ters  of  zinc  and  cadmium  were  opened  and  closed  while 
the  selenium  shutter  was  permanently  open  according 
to  the  SME  scheme  described  in  Fig.  1.  The  pulse  time 
for  cadmium  ranged  from  1.1  to  1.9  s.  In  order  to 
demonstrate  the  stepwise  behaviour  of  the  growth  rate, 
three  different  zinc  pulse  times.  Is,  1.5  s  and  3.5  s,  were 
chosen  which  purposely  differ  by  a  factor  deviating 
from  an  integer  number.  The  intermissions  were  1  s  for 
both  CdSe  and  ZnSe.  The  number  of  ZnSe  cycles  was 
varied  from  2  to  20,  the  number  of  CdSe  cycles  from  2 
to  6. 

Post-growth  characterization  included  high-resolu¬ 
tion  X-ray  diffraction  (HRXD)  analysis  and  photolu¬ 
minescence  (PL)  spectroscopy. 


3.  Results  and  discussion 

3.1.  ZnS 

The  ZnS  growth  rate  in  the  MBE  mode  was  deter¬ 
mined  to  be  0.25  pm h“^  or  0.25  ZnS  MLs“^  After 
opening  the  zinc  shutter,  the  signal  of  the  beam  monitor 
rose  immediately  (within  less  than  0.1  s)  to  the  value 
used  for  MBE  growth.  This  means  that  even  for  the 
short  SME  pulses  (1.5-5  s),  the  amount  of  material 
offered  within  one  cycle  could  be  calculated  from  the 
MBE  calibration.  In  Fig.  2  the  measured  SME  growth 
rate  per  cycle  is  plotted  as  a  function  of  the  material 
offered  within  one  cycle  (squares).  The  thickness  deter¬ 
mination  by  the  calibrated  mechanical  profilometer  is 
quite  precise;  nevertheless,  to  exclude  misinterpreta¬ 
tions,  a  maximum  error  of  ±  10%  is  indicated  by  error 
bars.  The  circles  denote  the  according  values  for  ZnSe 
which  will  be  discussed  later.  The  solid  line  indicates  the 
behaviour  one  would  expect  if  SME  were  simply  an 
interrupted  MBE  process  without  any  additional  re¬ 
evaporation.  The  experimental  values  deviate  consider¬ 
ably  from  this  line.  As  long  as  less  than  0.5  ML  per 
cycle  is  offered,  no  growth  occurs  at  all,  indicating  that 
all  the  offered  material  re-evaporates.  If  0.75  ML  per 
cycle  is  offered,  the  growth  rate  is  still  a  factor  of  three 
smaller  than  expected  for  MBE  growth.  However,  as 
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Offered  Material  per  Cycle  [  ML  ] 


Fig.  2.  Growth  rate  per  growth  cycle  as  a  function  of  the  material 
offered  within  one  growth  cycle.  The  solid  line  represents  the  expected 
MBE  growth  rate. 


soon  as  more  than  1  ML  per  cycle  is  offered,  the  growth 
rate  jumps  to  1  ML  per  cycle.  Thus  the  step-like  be¬ 
haviour  of  the  growth  rate  expected  for  an  ideal  SME 
process  is  indeed  observed,  although  the  step  is  some¬ 
what  smoothened.  The  sample  marked  as  a  triangle  was 


grown  at  a  substrate  temperature  of  300  ""C  instead  of 
280  °C.  The  independence  of  the  growth  rate  on  the 
substrate  temperature  is  an  additional  indication  of  a 
self-regulating  regime. 

3.2.  ZnSejCdSe  superlattices 

During  the  growth  of  the  ZnSe  and  the  ZnSe/CdSe 
SLs,  one  could  always  observe  a  selenium  stabilized 
(2x1)  reconstructed  surface  in  the  RHEED  patterns. 
The  patterns  became  diffuse  (but  not  spotty  as  reported 
by  Samarth  et  al  [4])  immediately  after  the  cadmium 
shutter  was  opened  for  the  first  time.  The  quality  of  the 
RHEED  pattern  degraded  with  each  CdSe  layer,  and 
improved  with  each  layer  of  ZnSe,  especially  during 
each  intermission  between  zinc  evaporation  pulses.  We 
attribute  this  to  a  smoothing  process  of  the  surface 
which  takes  place  during  growth  interruptions.  It  is 
assumed  that  additional  to  surface  migration,  re-evapo¬ 
ration  of  particles  unable  to  find  appropriate  lattice 
sites  takes  place. 

The  superlattice  periods  were  calculated  from  the 
angular  spacings  of  the  SL  satellite  peaks  in  the  HRXD 
spectra.  In  all  the  SL  X-ray  diffraction  spectra  we  could 
at  least  observe  the  first-order  SL  reflection.  Figure  3 
shows  the  HRXD  spectrum  of  a  3MLZnSe/3MLCdSe 
SL,  the  period  of  which  was  repeated  200  times.  In 
contrast  to  the  X-ray  data  reported  so  far  for  ZnSe/ 
Zni  _^Cd^Se  SLs  (0  <  x  1)  [4,  5],  the  intensity  in  our 
HRXD  spectra  drops  to  the  noise  level  between  the  SL 
peaks  which  is  a  sign  of  small  fluctuations  of  the  SL 
period  [6].  We  also  rule  out  strong  interdiffusion  since 
this  would  completely  wipe  out  SL  satellite  peaks  for 
these  very  short  periods. 


Omega  [deg] 

Fig.  3.  HRXD  spectrum  of  a  3MLZnSe/3MLCdSe  SL.  The  number  of  repetitions  is  200. 
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Since  the  overall  thickness  of  the  SL  itself  (0.35  jam 
in  the  case  of  the  3MLZnSe/3MLCdSe)  is  well  beyond 
the  critical  thickness  of  a  corresponding  Zni_;,Cd;,Se 
{x  =  0.5)  ternary  compound  on  ZnSe,  one  expects  a 
free-standing  SL  with  a  relatively  high  density  of  dislo¬ 
cations.  This  is  one  reason  for  the  large  value  of  the  full 
width  at  half-maximum  (FWHM)  of  the  zeroth  order 
SL  peak,  which  is  2700  arcsec.  Another  reason  for  the 
moderate  crystalline  quality  is  reported  by  Samarth  et 
al  [4].  Zni_^Cd^Se  (x>0.5)  epilayers  show  a  high 
density  of  stacking  faults  observed  by  transmission 
electron  microscopy. 

For  all  our  SLs  the  measured  SL  period  thickness  is 
in  good  agreement  with  the  expected  SL  period  length. 
The  period  length  was  calculated  by  multiplying  the 
number  of  ZnSe  growth  cycles  by  the  thickness  of  i 
(/  =  1,2)  ZnSe  monolayers  (2.84  A)  and  adding  the 
number  of  CdSe  cycles  multiplied  by  3.03  A.  The  un¬ 
derlying  assumption  of  this  calculation  is  obviously  that 
each  material  grows  with  growth  rates  that  are  integer 
multiples  of  1  ML  per  growth  cycle.  Thus  one  can 
presume  that  monolayer  growth  takes  place. 

The  ZnSe  width  within  one  ZnSe/CdSe  period  was 
calculated  by  subtracting  the  thickness  of  n  monolayers 
of  CdSe,  where  n  again  is  the  number  of  CdSe  growth 
cycles  within  one  SL  period  from  the  SL  period  length. 
Figure  4  shows  the  ZnSe  layer  thickness  per  SL  period 
determined  in  this  way  vs.  the  number  of  ZnSe  growth 
cycles  used  to  grow  one  SL  period.  The  line  indicate 
growth  rates  of  1  ML  per  growth  cycle  and  2  ML  per 
growth  cycle.  All  experimental  data  can  be  explained  by 


this  assumption,  which  means  that  only  these  two  in¬ 
teger  growth  rates  occur,  although  the  zinc  evaporation 
pulse  time  was  varied  between  1,  1.5  and  3.5  s. 

The  ZnSe  growth  rate  per  reaction  cycle  is  plotted  in 
Fig.  2  as  a  function  of  the  offered  material  alongside  the 
ZnS  data.  The  ZnSe  data  points  are  indicated  as  circles. 
The  error  bars  correspond  to  a  deviation  in  the  readings 
of  *  the  angular  spacings  of  the  SL  X-ray  reflections  of 
0.1°.  The  amount  of  offered  material  was  determined 
from  the  growth  rates  of  ZnSe  epilayers  prepared  by 
MBE.  The  experimental  error  of  such  growth  rate 
determinations  may  be  of  the  order  of  15%-20%.  One 
can  clearly  observe  a  deviation  of  growth  rate  from 
linear  dependence  on  the  offered  material,  which  one 
would  expect  for  MBE  growth,  indicated  by  a  solid  line 
in  Fig.  2.  The  independence  of  the  ZnSe  growth  rate  per 
cycle  over  a  range  of  offered  material  that  extends  from 

1  ML  to  about  1.5  ML  is  strong  evidence  for  a  self-lim¬ 
iting  growth  regime.  The  data  at  a  growth  rate  of  about 

2  ML  give  rise  to  the  assumption  that  there  might  be 
additional  regimes  where  self-limiting  growth  with  an 
integer  number  of  monolayers  per  reaction  cycle  takes 
place. 

Figure  5  shows  the  PL  spectra  obtained  from  a  series 
of  symmetric  ZnSe^/CdSe„  SLs  {m  =  n  =  2-6)  taken  at 
1.7  K.  The  excitation  wavelength  was  488  nm.  The 
spectra  for  n  ^3  are  dominated  by  one  sharp  line 
which  is  attributed  to  near  band-edge  excitonic  emis¬ 
sion.  The  energetic  positions  of  these  lines  are  a  mea¬ 
sure  of  the  SL  band  gap.  The  weak  PL  emission  at 
lower  energies  is  most  probably  related  to  residual 


Number  of  ZnSe  Growth  Cycles  /  SL  Period 
Fig.  4.  ZnSe  period  thickness  vs.  the  number  of  ZnSe  growth  cycles  per  SL  period. 
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Fig.  5.  Photoluminescence  spectra  of  symmetric  ZnSe„ /CdSe„  SLs 
(«  =  2-6;  n  is  the  number  of  monolayers). 


impurities.  For  SLs  with  «  >  3,  a  dramatic  decrease  in 
the  intensity  of  the  near  band-edge  emission  can  be 
observed  accompanied  by  an  increase  in  the  defect- 
related  PL.  Parbrook  et  al  [5]  attributed  the  similar 
behaviour  of  their  PL  from  ZnSe/CdSe  SLs  to  the 
formation  of  misfit  dislocations,  when  the  CdSe  wells 
exceeded  the  critical  thickness  for  strained  layer 
growth.  They  reported  a  value  of  4  +  1  ML  for 
which  is  in  good  agreement  with  the  value  of  3  ML  that 
we  deduce  from  our  data. 

One  has  to  note  that  the  FWHM  of  the  near  band- 
edge  emission  for  our  symmetric  SLs  with  n  ^3  is 
about  17  meV.  This  value  is  almost  an  order  of  magni¬ 
tude  smaller  than  that  reported  for  ZnSe/CdSe  SLs 
grown  by  MOVPE  [5,  7]  and  is  close  to  that  of  ZnSe/ 
Zni_^Cd^Se  strained  layer  SLs  with  a  much  lower 
cadmium  content  (x  <  0.35)  [4].  We  assume  that  this 
small  line  width  is  evidence  for  the  excellent  interface 
quality  and  the  homogeneity  of  the  layer  thickness, 
both  within  the  layers  and  also  between  individual 
layers,  which  can  be  achieved  by  employing  SME. 


4.  Summary 

We  used  SME,  a  new  growth  method,  to  prepare 
ZnS  epitaxial  layers  and  ZnSe/CdSe  SLs  on  GaAs 
substrates.  The  SLs  exhibit  exceptionally  good  crys¬ 
talline  and  optical  quality,  as  revealed  by  HRXD  and 
PL  measurements.  We  have  given  evidence  that  SME  is 
a  self-regulatory  growth  process  which  limits  itself  to  an 
integer  number  of  monolayers  during  one  growth  cycle. 
In  contrast  to  ALE,  the  self-regulation  does  not  depend 
on  the  difference  in  bond  strength,  but  on  the  difference 
in  bond  numbers.  For  this  reason  we  are  optimistic  that 
SME  is  not  limited  to  II-VI  compounds,  as  UHV- 
ALE,  but  can  also  be  applied  to  other  materials. 
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Abstract 

The  control  of  atomic  layers  in  high  cuprate  compounds  has  recently  become  possible  using  computer-controlled 
laser  molecular  beam  epitaxy.  Taking  advantage  of  this  method,  a  variety  of  high  superconducting  artificial 
lattices  has  been  constructed  by  layer-by-layer  growth  with  atomic  layer  and  sub-unit-cell  layer  accuracy,  and  the 
basic  structural  factors  of  high  cuprates  have  been  controlled  artificially.  In  Bi2Sr2Ca„_  ,Cu„02„  +  4  artificial 
lattices,  the  number  of  CUO2  planes  in  the  unit  formula  was  changed  from  one  to  as  much  as  eight.  Furthermore, 
site-selective  substitution  has  been  carried  out  by  inserting  exotic  ions  into  calcium  or  strontium  sites,  and  the  crystal 
structures  and  can  be  controlled  artificially. 


1.  Introduction 

The  high  superconductivity  of  cuprate  compounds 
is  believed  to  derive  from  the  two-dimensional  CUO2 
plane  doped  with  a  charged  carrier.  Accordingly,  con¬ 
trol  of  the  crystal  structure  based  on  the  CUO2  plane  is 
essential  for  elucidation  of  high  superconductivity. 
These  structural  parameters  include  the  number  of 
CUO2  sheets  in  a  unit  formula,  the  spacing  between  the 
CUO2  sheets  [1,  2],  the  in-plane  Cu-O  bond  length  or 
Cu-Oapex  bond  length,  as  well  as  the  effective  concen¬ 
tration  of  the  charged  carrier  in  the  CUO2  plane  [3]. 

Using  layer-by-layer  construction  of  the  crystal  struc¬ 
ture,  with  atomic  layer  or  unit  cell  layer  accuracy,  we 
are  able  to  control  artificially  these  parameters  of  the 
CUO2 “based  structure  which  are  essential  for  high  tem¬ 
perature  superconductivity.  This  allows  the  construc¬ 
tion  of  new  superconductors  which  have  a  new 
arrangement  of  atomic  layers.  Furthermore,  we  studied 
the  correlation  between  and  crystal  structure  (the 
distance  between  CUO2  layers)  by  inserting  exotic  atoms 
at  the  strontium  or  calcium  site  in  Bi2Sr2CaiCu208 
compounds. 

In  this  article,  we  describe  the  control  of  growth  of 
CUO2 -based  layers  on  the  atomic  layer  scale  and  sub¬ 
unit  layer  scale  in  the  construction  of  artificial  lattices 
in  the  Bi2Sr2Ca„_iCu„02„+4  system.  This  technique 
was  further  employed  for  site-selective  substitution  of 
calcium  and/or  strontium  in  Bi2Sr2Cai  CU2O8  by  exotic 
ions  having  different  ionic  radii  and  different  valences. 


*On  leave  from  Kawasaki  Heavy  Ind.,  Ltd.,  1-1  Kawasaki-cho, 
Akashi  673,  Japan. 


2.  Experiment 

Figure  1  is  a  schematic  diagram  of  the  laser  molecu¬ 
lar  beam  epitaxy  (laser  MBE)  apparatus  used  for  the 
construction  of  superconducting  artificial  lattices.  The 
ArF  excimer  laser  pulses  are  focused  on  the  target  and 
ablation  is  induced  on  the  surface  of  the  target.  The 
emitted  atoms  and  ions  accumulate  on  the  substrate 
surface  under  NO2  atmosphere,  and  thin  layers  are 
grown,  layer-by-layer,  by  changing  the  target  as  de¬ 
sired.  Growth  of  the  layers  is  monitored  in  situ  by 
reflection  high-energy  electron  diffraction  (RHEED) 
and  Auger  electron  spectroscopy  (AES)  and  by  a  thick¬ 
ness  monitor  [4]. 


3.  Results  and  discussion 

3.1.  Atomic  layer  and  sub ’■unit -cell  layer  growth  of 
artificial  lattices:  (Ca,  Sr)Cu02  and 
Bi2Sr2Ca„-xCu^02n+A 

The  topmost  layer  of  bare  SrTiO3(100)  was  examined 
first.  Monolayers  of  strontium  oxide  and  titanium  oxide 
were  deposited  in  different  sequences  onto  the  sub¬ 
strate,  and  the  RHEED  patterns  were  compared.  The 
deposition  of  one  atomic  layer  of  SrO  or  TiO  could  be 
strictly  controlled  using  the  oscillation  of  RHEED  in¬ 
tensity  and  the  thickness  monitor  using  a  quartz  crystal 
oscillator  [4,  5].  Deposition  of  the  monolayer  of  stron¬ 
tium  oxide  onto  SrTi03  (Sr/STO)  produced  a  clear 
oscillation  of  the  RHEED  intensity,  and  a  streaky 
RHEED  pattern  was  maintained  throughout  the  depo¬ 
sition  (Fig.  2).  This  behavior  indicates  that  the  SrO 
layer  can  be  formed  on  the  substrate  with  two-dimen- 
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control 


Fig.  1 .  Apparatus  for  computer-controlled  laser  MBE. 


sional  atomic  layer  growth.  Deposition  of  the  TiO^, 
monolayer  onto  the  SrO^.  deposited  substrate  (Ti/Sr/ 
STO)  also  produced  a  clear  oscillation  of  the  RHEED 
intensity  and  the  streaky  RHEED  pattern.  However, 
direct  deposition  of  TiO^.  onto  the  substrate  (Ti/STO) 
did  not  produce  a  clear  intensity  oscillation  and  the 
RHEED  pattern  was  blurred.  This  suggests  that  the 
Ti02  layer  is  the  topmost  layer  of  the  bare  SrTiO3(100) 
surface  and  growth  of  the  SrO  layer  is  suitable  as  the 
first  layer  in  the  film  [6]. 

The  RHEED  pattern  of  SCO  on  Sr/STO  shows  that 
the  surface  has  a  2  x  2  (or  twin  of  a  2  x  1)  superstruc¬ 
ture  (see  Fig.  2(c)).  We  think  that  the  superstructure  is 
due  to  ordered  oxygen  deficiency  in  the  Sr-O  top  layer. 
Because  the  Cu02“  layer  has  a  negative  charge,  oxygen 
deficiency  in  the  SrO  layer  to  form  Sr^^  is  needed  to 
maintain  charge  neutrality. 

Finally,  the  deposition  of  bismuth  oxide  onto  SCO/ 
Sr/STO  produced  the  Bi2Sr2Cu06  (2201)  structure.  The 
2x2  structure  of  SCO/Sr/STO  disappeared  after  bis¬ 
muth  deposition  (Fig.  2(d)).  The  formation  of  the  2201 
structure  was  also  confirmed  by  its  X-ray  diffraction 
pattern  after  10  repetitions  of  these  cycles. 


Next,  atomic  layer  control  using  laser  MBE  was 
examined  in  the  (Ca,  Sr)Cu02  system,  the  parent  mate¬ 
rial  of  high  cuprate  superconductors,  and  the  growth 
mechanism  was  investigated  by  RHEED  and  AES  (Fig. 
2)  [7].  Analysis  of  RHEED  patterns  and  intensity  oscil¬ 
lations  indicates  that  this  material  grows  by  two-dimen¬ 
sional  layer  growth.  When  all  the  metal  elements  were 
supplied  simultaneously  in  an  NO2  atmosphere,  layer 
growth  occurred  in  the  unit-cell  layer  of  (Ca,  Sr)Cu02. 
The  growth  unit  could  be  separated  into  a  Ca(Sr) 
atomic  layer  and  a  CUO2  atomic  layer  by  monitoring 
the  RHEED  intensity  oscillation.  The  successive  supply 
of  each  metal  element  in  NO2  atmosphere  resulted  in 
one  atomic  layer  growth  of  this  metal  oxide  material. 

Figure  3  shows  the  change  in  X-ray  diffraction  pat¬ 
tern  with  the  variation  in  strontium  concentration.  Fig¬ 
ures  3(a) -(c)  show  the  patterns  of  films  formed  by 
codeposition,  and  those  in  Figs.  3(d) -(g)  were  formed 
by  atomic  layer  stacking.  Using  codeposition  of  all  the 
elements,  Caj  __^.Sr^Cu02  thin  films  can  only  be  formed 
at  strontium  concentrations  x  below  0.2  (Fig.  3(a)). 
However,  using  alternate  stacking  of  atomic  layers, 
Caj  Sr^.Cu02  can  be  formed  for  strontium  concentra- 
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time 

Fig.  2.  RHEED  pattern  and  change  in  intensity  during  the  growth  of 
Bi2Sr2Cu,06  thin  film  on  SrTiO3(100)  (a)  by  the  successive  deposi¬ 
tion  of  Sr  (b)  /SrCuO  (c)  /BiO  (d). 
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Fig.  3.  X-ray  diffraction  patterns  of  Ca^  _  ^.Sr^Cu02  films  formed  by 
codeposition  (a)--(c),  and  by  atomic  layer  stacking  (d)-(g). 


Temperature,  T  /  K 


k: _ 1 _ I - 1 - 1— 

0  200  400 

H(0e) 


Fig.  4.  Temperature  dependence  of  the  magnetic  susceptibility  of 
Cao.2Sro  8CUO2  thin  film. 


tions  up  to  X  =  1.0  (Fig.  3(g)).  This  result  indicates  that 
the  layer-by-layer  stacking  of  atomic  layers  is  effective 
for  the  artificial  construction  of  these  layered  structures. 
This  thin  film  shows  a  critical  temperature  of  120  K 
(Fig.  4),  which  is  one  of  the  highest  values  of  for 
cuprate  superconductors. 

Using  the  layer-by-layer  method,  CaCuO  and  SrCuO 
and  bismuth  were  supplied  successively,  and 
Bi2Sr2Ca„_iCU;,02„  +  4  was  formed,  with  n  in  the  range 
from  1  up  to  8,  by  monitoring  the  surface  with  RHEED 
[8]. 

The  RHEED  patterns  showed  streaks  throughout  the 
growth  process,  indicating  that  these  materials  can  be 
formed  by  layer-by-layer  growth  with  flat  surfaces. 
Monitoring  the  changes  in  the  diffraction  intensity  and 
analyzing  the  total  diffraction  pattern  made  it  possible 
to  control  the  growth  of  the  atomic  layer  or  the  sub¬ 
unit  layers  in  this  Bi2Sr2Ca„_  iCu„02„  +  4  system. 

3.2.  Site -selective  substitution 

Laser  MBE  was  further  applied  to  site-selective  sub¬ 
stitution  of  Bi2Sr2CaCu208.  The  calcium  or  strontium 
ion  was  replaced  site  selectively  by  -hi,  +2,  and  +3 
ions  (see  Fig.  5)  [9]. 

Figure  6(a)  shows  the  relationship  between  the  lattice 
constant  c  and  ionic  radii  in  Bi2Sr2CaiCu208  films  with 
ions  incorporated  at  the  calcium  site.  It  was  found  that 
the  lattice  parameter  c  is  dependent  on  the  ionic  radius 
of  the  incorporated  ion.  When  a  small  ion,  such  as 
magnesium  or  lithium,  was  incorporated  at  the  calcium 
site,  the  lattice  constant  c  decreased,  and  when  a  large 
ion,  such  as  barium  or  potassium,  was  incorporated  it 
increased.  This  makes  it  clear  that  the  distance  between 
CUO2  planes  increases  when  large  ions  are  inserted  and 
decreases  when  small  ions  are  inserted. 
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Fig.  5.  A  schematic  diagram  of  the  structure  of  layered  Bi2Sr2CaiCu208  superconductor.  Important  structural  factors  based  on  CUO2  sheets 
and  the  carrier  concentration  can  be  changed  by  incorporation  of  ions  with  different  radii  and  valence  states. 


Fig.  6.  (a)  Lattice  constant  c  vs.  ionic  radius  of  ion  incorporated  at  the  calcium  site  in  Bi2Sr2Ca,  CU2O8  films,  (b)  Temperature -resistivity  curves 
for  Bi2Sr2CaiCu208  films  containing  various  +2  ions  at  the  calcium  site. 


These  tailored  films  in  which  calcium  ions  were  re¬ 
placed  by  +1,  +2  or  +3  ions  showed  systematic 
changes  in  their  resistance -temperature  curves.  For 
example,  the  R-T  curves  for  +2  ions  magnesium, 
calcium,  strontium  and  barium  incorporated  at  the 
calcium  site  are  shown  in  Fig.  6(b).  It  is  clear  that  the 
larger  the  substituted  ion,  the  higher  the  T^.  The  highest 
is  that  for  barium  substitution,  onset  was  95  K  and 
^c,  mid  was  83  K.  Site-selective  substitution  of  calcium 
by  exotic  atoms  produced  drastic  differences  in  super¬ 
conductivity  depending  on  the  ionic  radius  and  valence 
state.  The  insertion  of  larger  ions  at  the  calcium  site 
makes  the  c  axis  longer.  Accordingly,  the  spacing  be¬ 


tween  double  CUO2  planes  can  be  changed  using  this 
technique,  and  we  found  that  the  spacing  of  CUO2 
planes  has  a  strong  effect  on  the  value  of  T^.  It  has  been 
reported  that  hopping  of  copper  pairs  may  be  impor¬ 
tant  for  the  To  value  [10].  The  results  of  our  study 
indicate  that  the  distance  between  the  layers  is  a  very 
important  factor  of  the  value. 


4.  Conclusion 

In  conclusion,  we  have  achieved  growth  control 
of  Bi2Sr2Ca„_iCu„02^  +  4  and  Ca^  _;,Sr^Cu02  with 
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atomic  layer  or  sub-unit-cell  accuracy.  Furthermore  the 
layer-by-layer  laser  ablation  method  has  been  applied 
to  site-selective  substitution  of  -{-1,  +2,  and  +3  ions 
at  the  calcium  and  strontium  sites  of  Bi2Sr2Ca,  CU2O8, 
and  the  correlation  between  and  lattice  parameter  c 
was  explained  on  the  basis  of  the  distance  between  CUO2 
layers. 

The  layer-by-layer  growth  technique  using  laser  MBE 
is  one  of  the  most  promising  methods  by  which  to  con¬ 
struct  a  variety  of  superconducting  artificial  lattices  and 
to  elucidate  the  mechanism  of  high  superconductivity. 
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Abstract 

An  extension  of  atomic  layer  epitaxy  (ALE)  to  a  porous,  high-surface-area  substrate  commonly  used  in  catalysis  is 
presented.  Because  of  the  high  surface  area,  even  a  sublayer  of  species  bound  to  the  substrate  in  an  ALE  sequence 
can  be  determined  quantitatively.  Thus,  various  analytical  and  chemical  techniques,  in  addition  to  the  high  vacuum 
techniques,  can  be  applied  in  the  study  of  surface  reactions  and  surface  species  in  ALE  after  a  single  reaction  step. 
Use  of  Fourier  transform  IR  spectroscopy,  nuclear  magnetic  resonance,  X-ray  dilfraction,  chemical  analysis  and 
etching  experiments  in  the  characterization  of  different  titanium  species  on  porous  silica  processed  using  TiCl4  and 
H2O  is  presented. 


1.  Introduction 

Atomic  layer  epitaxy  (ALE)  has  been  used  for  the 
growth  of  various  single-crystal  and  polycrystalline  ma¬ 
terials,  mainly  on  small-area  substrates.  In  our  previous 
paper  [1]  ALE  was  used  to  grow  Ti02  on  a  porous, 
high-surface-area  silica  substrate.  The  first  four  reaction 
cycles  of  TiCl4  and  H2O  on  silica  were  studied,  but  the 
more  thorough  study  of  the  reaction  mechanisms  called 
for  the  development  and  application  of  different  analysis 
methods  [2].  Earlier  only  reaction  temperatures  of  175 
and  450  °C  were  used. 

The  objective  of  this  study  was  to  find  out  how  ALE 
can  be  used  to  bind  titanium  species  to  porous  Si02  using 
TiCU  and  H2O  vapors  as  reactants,  and  to  introduce 
wet-chemical  methods  together  with  Fourier  transform 
IR  spectroscopy  (FTIR),  nuclear  magnetic  resonance 
(NMR)  and  X-ray  diffraction  (XRD)  to  study  the 
reaction  mechanisms  involved.  The  use  of  these  various 
analysis  methods  in  the  study  of  a  single  ALE  sequence  in 
the  temperature  range  175-550  °C  with  silica  preheated 
at  560  ""C  is  dealt  with  in  the  following. 


2.  Experimental  details 

2.L  Reagents 

Si02  (EP  10,  Crosfield  Ltd.)  with  a  surface  area  of 
300m^g“’,  pore  volume  of  L75cm^g~^  and  mean 
particle  size  of  100  pm  was  used  as  the  substrate.  Si02 
was  preheated  for  16  h  at  560  °C  in  air  at  atmospheric 


pressure  and  for  3  h  in  nitrogen  flow  at  6-10  kPa 
before  the  reaction.  TiCl4  (Merck)  without  further 
purification,  vaporized  at  25  °C,  and  deionized  water 
vaporized  at  25  °C  were  used  as  reactants. 

2.2.  Equipment 

A  modified  MC  120  reactor  (Microchemistry  Ltd.) 
with  a  reaction  chamber  made  of  quartz  was  used  in  the 
experiments  (Fig.  1).  The  reaction  chamber  can  hold  up 
to  10  g  of  silica  powder.  The  reactions  were  carried  out 
at  a  pressure  of  6-10  kPa  in  nitrogen  atmosphere.  The 
sampling  was  made  in  an  inert  glove  box  in  nitrogen 
atmosphere  (MBraun). 

2.3.  ALE  procedure 

Silica  preheated  at  560  °C  (5-8  g)  was  stabilized  to 
the  reaction  temperature.  A  pulse  of  TiC^  vapor  was  fed 
into  the  reaction  chamber  through  a  solid  silica  bed 
supported  on  a  sinter.  Pumping  of  excess  reactant  and 
the  HCl  released  during  the  reactions  took  place  from 
the  bottom  of  the  silica  bed  (Fig.  1).  Reaction  tempera¬ 
tures  of  175,  250,  350,  450  and  550  °C  were  used. 
Reaction  times  were  1  -2  h  followed  by  a  nitrogen  purge 
of  same  length  at  the  reaction  temperature  concerned. 

2.4.  Analysis  methods 

The  total  titanium  concentration  was  determined  by 
UV-visible  spectrophotometry  or  neutron  activation 
analysis  as  described  in  ref.  3.  Etching  tests  in  connection 
with  element  determinations  were  developed  for  distin¬ 
guishing  titanium  species  [2,  3].  Amorphous  tita- 
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Fig.  1.  ALE  equipment  and  sampling  for  surface  saturation  studies. 
Reactants  are  fed  through  the  silica  bed  in  a  flow  of  nitrogen. 
Reaction  products  and  excess  reactants  are  pumped  from  the  bottom 
of  the  bed.  Samples  are  taken  from  the  surface  (1)  and  the  bottom 
(2):  A  is  the  vessel  for  TiC^  and  B  is  the  reaction  chamber. 


nium  species  were  etched  with  3.5  M  H2SO4  and  the 
amount  of  titanium  determined  in  the  solutions  by 
UV- visible  spectrophotometry. 

Samples  for  determination  of  chloride  content  were 
weighed  immediately  in  3  M  H2  SO4  after  the  sample 
was  removed  from  the  reaction  chamber  so  that  the  air 
moisture  could  not  release  chloride  as  HCl.  Potentio- 
metric  titration  was  used  to  quantify  the  chloride. 

The  type  of  bonding  sites  and  the  sites  remaining 
after  the  ALE  reaction  on  silica  were  analyzed  with  an 
FTIR  spectrometer  (Galaxy  Series  6020)  installed  in  a 
glove  box,  into  which  the  samples  were  transferred 
inertly.  The  samples  were  loaded  on  the  sample  holder, 
and  the  spectra  were  recorded  using  a  spectral  resolu¬ 
tion  of  2cm"^  The  accumulation  time  was  4.5  min, 
corresponding  to  1000  scans. 

XRD  spectra  were  measured  with  a  Siemens  500 
diffractometer  with  Cu  Ka  excitation.  The  *H-  and 
^^Si-NMR  measurement  procedure  was  as  described  in 
ref.  2. 


3.  Results  and  discussion 

3.1.  Surface  species  of  silica 
Porous,  high-surface-area  silica  is  a  complicated  sub¬ 
strate,  which  consists  of  different  reactive  sites:  isolated 
(including  single  and  geminal)  and  hydrogen-bonded 
OH  groups  and  siloxane  bridges  [2,  4].  A  simplified 
picture  of  these  reactive  sites  is  shown  in  Fig.  2.  The 
groups  serving  as  bonding  sites  for  a  reagent  depend  on 
the  chemical  characteristics  of  the  reactant  vapor,  the 
chemical  state  of  the  substrate  and  the  reaction  temper¬ 
ature.  Characterization  of  the  support  and  its  bonding 
sites  is  vital  when  studying  the  reaction  mechanisms  in 
ALE.  In  this  work  silica  preheated  at  560  °C  was  used. 
This  silica  contains  1.6  isolated  and  0.5  hydrogen- 
bonded  OH  groups  per  square  nanometer,  measured  by 
^H  NMR  and  reported  in  ref.  2.  The  hydrogen-bonded 
OH  groups  on  560  "’C  silica  are  inaccessible  (bulk  OH 
groups)  and  unreactive  towards  any  reactant. 


SURFACE  SPECIES 
(  TiCl4  175  and  250  °C) 


o  o 

/“Si  ///  Si y 


OH 

I 

-Si -7 


^OH 


Si7777  Si  —  SiTT 


+  TiCl4 


+  HCl 


Cl  Cl  C! 

0 

_  C  j _ 

////  /// / / 


Cl  Cl 
\  / 

Ti 

OH  O  f 
7777  ^*7777  7/>/  ^K///  ^'777 


HoO 


+  HCl 


Fig.  2.  Bonding  sites  of  silica  and  titanium  surface  species  at  reaction 
temperatures  of  175  and  250 '’C,  when  first  TiCh  and  then  H2O  is 
brought  through  the  silica  bed. 


3.2.  Surface  saturation 

Quantitative  determination  of  titanium  and  chloride 
bound  from  the  single  reaction  step  of  TiCl4  is  not 
reliable  using  instrumental  surface  analysis  techniques, 
but  the  amount  of  titanium  can  be  determined  accu¬ 
rately  by  dissolution  of  the  species  concerned  and  anal¬ 
ysis  of  the  solutions  with  conventional  methods  such  as 
UV-visible  spectrophotometry,  or  neutron  activation 
analysis  as  described  in  ref.  3.  A  proper  sample  han¬ 
dling  technique  assured  the  quantitation  of  chloride  in 
the  samples.  Surface  saturation  in  the  silica  bed  after  a 
single  pulse  of  TiCU  was  confirmed  by  determining 
titanium  and  chloride  concentrations  in  samples  taken 
from  the  surface  and  the  bottom  part  of  the  bed. 
Saturation  was  achieved  when  the  titanium  and  chlo¬ 
ride  concentrations  at  the  surface  corresponded  to  those 
at  the  bottom,  meaning  that  the  bonding  sites  inside  the 
pores  were  also  reached  by  the  reactant.  The  disappear¬ 
ance  of  bonding  sites  could  be  followed  by  FTIR  in 
both  samples.  The  reproducibility  of  the  ALE  process 
was  good  as  evaluated  by  titanium  saturation  levels  and 
the  amount  of  etchable  titanium  species  from  parallel 
runs. 

3.3.  Surface  species  after  a  single  pulse  of  TiCl^ 

Two  different  reaction  temperature  ranges  could  be 
distinguished:  a  lower  reaction  temperature  range  from 
175  to  250  °C  and  a  higher  range  from  350  to  550  °C. 
Both  were  studied  first  by  determining  titanium,  chlo¬ 
ride  and  etchable  titanium  species  from  samples  pre¬ 
pared  at  different  temperatures.  FTIR  was  used  to 
follow  the  type  of  bonding  sites  used  in  the  reactions. 
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Lower  reaction  temperature.  Figure  2  shows  the  sur¬ 
face  species  present  at  175  and  250  °C.  Earlier  [2]  it  was 
confirmed  by  ^HNMR  measurements  that  at  175  °C 
TiCl4  reacts  directly  with  OH  groups  and  no  siloxane 
bridges  are  involved  in  the  reactions.  Now  this  was 
shown  to  be  true  for  the  reaction  temperature  of  250  °C 
as  well.  The  results  of  the  [Cl]/[Ti]  ratio  indicated  that 
TiCU  reacted  both  mono-  and  bifunctionally.  The  bind¬ 
ing  took  place  with  the  isolated  OH  groups  of  silica, 
but  some  OH  groups  remained  intact  (Fig.  3).  Either 
the  activation  energy  of  chemisorption  to  those  OH 
groups  is  not  yet  exceeded  at  the  lower  reaction  temper¬ 
atures,  or  the  chlorides  bound  to  titanium  species  hin¬ 
der  the  penetration  of  TiCl4  into  these  groups.  No 
interaction  of  the  HCl  released  in  the  reactions  with 
OH  groups  of  silica  was  observed  at  the  lower  reaction 
temperatures  [2].  Etching  with  sulfuric  acid  removed  all 
titanium  bound  at  175  and  250  °C  from  the  surface. 
Amorphous  titanium  was  present  on  the  surface  as 
verified  by  XRD  measurements. 

Treatment  of  the  TiCl^~Si02  surface  with  water 
vapor  at  175  or  250  °C  could  not  remove  all  the  chlo¬ 
ride,  but  84%-87%  of  the  chloride  present  was  released. 
Water  vapor  did  not  remove  any  titanium  [2,  3]. 

Higher  reaction  temperature.  The  possible  surface 
species  present  on  silica  at  higher  reaction  temperatures 


Wavenumbers/cm  ' 

Fig.  3.  FTIR  spectra  of  silica  preheated  at  560  and  after  being 
treated  with  TiCh  at  250,  350  and  450  °C.  The  band  of  isolated  OH 
groups  is  shown  between  3741  and  3746  cm“f 
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Fig.  4.  Bonding  sites  of  silica  and  titanium  surface  species  at  reaction 
temperatures  over  350  when  first  TiCfi  and  then  H2O  vapor  is 
brought  through  the  silica  bed. 


are  shown  in  Fig.  4.  Earlier  we  noticed  that  XRD  peaks 
could  be  detected  after  only  a  single  pulse  of  TiC^  at 
450  °C  without  any  high  temperature  water  vapor  treat¬ 
ment  [2].  Both  anatase  and  rutile  forms  were  found  at 
450  °C.  This  phenomenon  was  studied  further  using 
different  reaction  temperatures.  Crystalline  Ti02  could 
be  measured  by  XRD  first  when  the  reaction  tempera¬ 
ture  was  raised  to  350  ""C  and  above.  In  spite  of  the 
agglomeration,  we  found  that  surface  saturation  was 
valid,  and  isolated  OH  groups  disappeared  during  the 
reaction  (Fig.  3).  Only  some  of  the  titanium  was  etched 
with  sulfuric  acid.  The  amount  of  these  etchable  species 
decreased  with  increasing  reaction  temperature  from 
30%  to  18%.  The  XRD  spectra  recorded  before  and 
after  etching  were  the  same,  which  confirmed  that  the 
titanium  species  released  was  of  amorphous  character. 
It  is  unclear  whether  the  amorphous  species  is  directly 
bound  to  the  OH  groups  of  silica.  The  calculated 
[Cl]/[Ti]  ratio  was  2  at  450  °C,  which  could  lead  to  the 
conclusion  that  only  bifunctional  binding  occurred. 
^^Si-NMR  measurements  showed  indirectly,  however, 
that  most  of  the  OH  groups  of  silica  must  have  been 
occupied  by  the  chloride,  since  the  water-treated  tita¬ 
nium-silica  sample  gave  an  identical  ^^Si-NMR  spec¬ 
trum  to  the  spectrum  recorded  from  untreated  silica  [2]. 
Furthermore,  the  FTIR  spectrum  was  similar  to  that  of 
untreated  silica.  At  higher  temperatures  the  interaction 
of  HCl  was  evident  [2].  Therefore,  the  interaction  of 
HCl  evolved  during  the  main  reaction  could  be  respon¬ 
sible  for  the  chloride  bound  to  the  surface.  This  interac¬ 
tion  of  HCl  could  lead  to  release  of  one  water  molecule 
per  HCl  molecule  reacted  with  an  OH  group,  and  water 
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is  thus  present  during  the  TiCl4  pulsing.  This  could 
further  cause  molecular-scale  growth  of  Ti02,  which  is 
reproducible  on  a  macroscopic  scale  and  stops  when  the 
bonding  sites  of  silica  are  occupied  either  by  TiCl^.  or 
chloride. 

The  water  vapor  treatment  of  TiCl;^.-Si02  at  higher 
reaction  temperatures  releases  chloride  below  the  detec¬ 
tion  limit  of  the  determination  method  used  in  this 
study,  namely  less  than  0.006  atoms  nm~^.  After  the 
first  reaction  cycle  of  TiCU  +  H2O,  new  OH  groups  are 
also  formed  from  Si-Cl  and  Ti-Cl  groups.  As  verified 
by  ^H-NMR  measurements  [2],  only  OH  groups  of 
titanium  bound  to  amorphous  titanium  species  were 
present,  as  illustrated  in  Fig.  4.  These  new  OH  groups 
of  silica  and  amorphous  titanium  species  serve  as  bond¬ 
ing  sites  for  the  second  pulse  of  TiCl4. 

4.  Conclusions 

ALE  was  used  for  binding  titanium  species  on  a 
porous,  high-surface- area  substrate.  The  use  of  satu¬ 
rated  surface  reactions  ensured  homogeneous  distribu¬ 
tion  of  titanium  species  of  Si02,  as  verified  by 
measuring  the  disappearance  of  reactive  OH  groups  by 
FTIR  and  'H-NMR.  XRD  measurements  and  addi¬ 
tional  measurements  on  water-treated  samples  by  ^^Si- 
NMR  showed  that  at  reaction  temperatures  above 
350  ‘"C  another  reaction  mechanism  leading  to  Si~Cl 
groups  and  release  of  water  takes  place.  The  effect  of 
the  side  reaction  is  the  formation  of  agglomerated  Ti02 
on  silica.  The  agglomeration  is  also  controlled  by  the 
number  of  OH  groups  of  silica  present  at  the  surface. 

The  use  of  several  analytical  methods  is  needed  in 
studying  the  reaction  mechanisms  on  porous,  high-sur¬ 
face-area  substrates.  Analysis  of  both  the  support  itself 
and  the  ALE  prepared  samples  is  necessary.  Special 
emphasis  must  be  placed  on  good  accuracy  of  element 


determinations.  Proper  sample  handling  before  chloride 
determinations  and  accurate  titanium  determinations 
were  essential  so  that  the  analytical  error  of  the  {Cl]/[Ti] 
ratio  could  be  decreased.  Wet-chemical  methods  such  as 
the  etching  test  used  in  this  work  are  of  good  value  for 
the  speciation  of  different  forms  present  on  the  surface. 
The  combination  of  wet-chemical  methods  and  bulk 
analysis  methods  such  as  FTIR  and  NMR  can  produce 
information  on  the  surface  species  not  attainable  with 
ultrahigh  vacuum  surface  analysis  techniques. 

The  study  of  ALE  reaction  mechanisms  of  the  first 
reaction  cycles  are  possible  with  the  analysis  methods 
described  here  in  the  case  when  a  high-surface-area 
substrate  is  used.  Characterization  of  the  bonding  sites 
of  the  substrate  is  important,  and  because  of  the  different 
character  of  porous  substrates,  the  reaction  mechanisms 
may  differ  from  those  in  thin  film  and  single-crystal 
applications. 
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Abstract 

Preliminary  steps  toward  atomic  layer  epitaxy  of  YBa2Cu3  0^.  films  were  studied  by  chemical  vapor  deposition 
(CVD)  which  may  be  a  suitable  method  for  atomic  layer  epitaxy  since  the  sticking  probability  of  precursors  to  the 
growing  substrate  surface  can  be  controlled  digitally. 

The  feasibility  of  self-limiting  adsorption  of  precursors  for  CVD  of  YBa2Cu3  0^  was  investigated  using  an 
ultrahigh  vacuum  CVD  apparatus.  Experimental  observation  using  a  mass  analyzer  of  the  amount  of  adsorbed 
species  for  various  adsorption  times,  gas  flow  rates,  and  temperatures  provides  possible,  although  not  conclusive, 
evidence  of  self-limiting  adsorption. 

We  applied  in  situ  optical  diagnostics  for  the  first  time  to  layer-by-layer  CVD  of  YBa2Cu3  0^..  Variations  in 
reflectance  signals  of  a  780  nm  diode  laser  from  the  growing  surface  were  observed,  similar  to  reflectance  high-energy 
electron  diffraction  oscillation,  upon  sequential  supply  of  precursors  and  oxygen.  The  amplitude  of  the  change  in 
reflectance  was  surprisingly  large.  The  transient  time  and  steady-state  reflectance  level  depend  on  the  species  of  the 
surface.  A  possible  mechanism  of  reflectance  oscillation  is  discussed. 


1.  Introduction 

In  order  to  implement  novel  high-speed  electron 
devices  based  on  oxide  superconductors,  with  highly 
anisotropic  transport  properties  and  short  coherent 
length,  a  method  for  epitaxial  growth  of  thin  films  with 
atomic-scale  surface  smoothness  must  be  developed. 
Many  attempts  to  prepare  thin  films  of  oxide  supercon¬ 
ductors  using  layer-by-layer  methods  have  been  reported 
[1,  2].  Some  reports  are  accompanied  by  reflectance 
high-energy  electron  diffraction  (RHEED)  oscillation 
data  as  evidence  of  atomically  controlled  growth. 

However,  for  the  preparation  of  atomic-scale  smooth 
surfaces  with  wafer-scale  uniformity,  the  artificial  con¬ 
trol  system  based  on  counting  the  number  of  atoms 
impinging  on  the  growing  surface  may  not  work  very 
well.  A  crystal  growth  method  with  a  built-in  natural 
self-limiting  mechanism,  such  as  atomic  layer  epitaxy 
(ALE)  as  proposed  by  Suntola  [3],  is  preferable. 

Chemical  vapor  deposition  (CVD)  is  a  suitable 
method  for  this  purpose  because  the  sticking  probabil¬ 
ity  of  precursors  onto  the  growing  surface  can  be 
controlled  digitally.  In  an  attempt  to  evaluate  the  feasi¬ 
bility  of  self-limiting  growth  of  YBa2Cu3  0^  films,  prop¬ 
erties  of  surface-adsorbed  species  were  investigated. 

Optical  diagnostics  are  suitable  for  monitoring 
atomic  layer  growth  in  the  CVD  environment,  where 
electron-beam  methods  cannot  be  applied.  Aspnes  et  al. 
[4]  developed  reflectance  difference  spectroscopy  based 
on  the  symmetry  of  surface  reconstruction  to  enhance 


contributions  from  the  growing  surface  over  that  from 
the  bulk.  Kobayashi  and  Horikoshi  [5]  developed  a 
surface  photoabsorption  method  which  used  p-polariza- 
tion  light  incident  at  the  Brewster  angle  to  minimize  the 
contribution  from  the  bulk.  These  methods  have  been 
used  to  monitor  growth  by  metal- organic  CVD  of 
GaAs  and  related  systems.  Information  concerning  the 
chemistry  of  the  growing  surface  has  been  obtained. 

In  the  course  of  our  investigation  of  layer-by-layer 
CVD  of  oxide  superconductors,  we  found  that  the 
reflectance  of  the  growing  surface  changes  significantly 
when  gaseous  precursors  or  oxygen  are  introduced  into 
the  reactor  chamber,  suggesting  that  optical  measure¬ 
ments  may  be  useful  for  real-time  monitoring  of  the 
growth  processes. 

In  this  report,  we  present  our  recent  experimental 
results  on  the  self-limiting  surface  adsorption  character¬ 
istics  of  precursors  and  in  situ  optical  measurements  of 
CVD  of  YBaCuO  films. 


2.  Self-limiting  adsorption  of  precursors 

A  P-diketonate  complex,  Cu(DPM)2,  one  of  the  pre¬ 
cursors  for  CVD  growth  of  YBa2Cu30^  films,  was 
vaporized,  introduced  into  a  vacuum  chamber  and  then 
adsorbed  onto  the  surface  of  a  sapphire  substrate  at  a 
temperature  of  typically  100  °C.  Then,  the  substrate 
temperature  was  raised  at  a  constant  rate  using  a 
focused  IR  light  so  as  to  heat  the  substrate  only.  With 
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Fig.  1.  (a)  Variation  of  the  mass-analyzer  signal  intensity  for 
mje  =  \S\  and  mje  =  ]66  measured  at  a  constant  rise  in  temperature 
(top  graph),  (b)  Schematic  model  for  adsorption  and  desorption  of 
Cu-DPM. 


increasing  temperature,  the  adsorbed  species  acquire 
enough  energy  to  be  released  from  the  surface.  A 
quadrupole  mass  analyzer  was  used  to  monitor  the 
chemical  species  desorbed  from  the  surface.  The  sensi¬ 
tivity  of  the  mass  analyzer  and  the  background  level  in 
the  present  range  of  mass  number  correspond  to  a 
partial  pressure  of  below  10“^^Torr,  which  is  enough 
to  characterize  the  monoatomic  layer  of  the  surface. 

As  shown  in  Fig.  1(a),  when  the  temperature  was 
increased  at  a  constant  rate,  a  notable  change  in  the 
mass  spectra  appeared  at  mass  numbers  151  and  166, 
fragments  of  DPM,  which  started  to  evolve  at  250  °C 
and  320  °C  respectively.  As  the  substrate  temperature 
increased  further,  the  signal  of  the  mass  spectra  reached 
a  peak  and  then  fell  to  background  levels,  where  the 
physically  adsorbed  species  had  been  removed,  leaving 
the  chemically  bonded  atoms,  as  depicted  in  Fig.  1(b). 
Therefore,  by  observing  the  integral  amount  of  ther¬ 
mally  desorbed  species,  we  can  evaluate  the  amount  of 
adsorbed  species.  As  shown  in  Fig.  2,  the  integral 
amount  of  desorbed  species  with  m/p  =  151  increases 
linearly  at  first  with  increasing  adsorption  time,  and 
then  saturates  at  a  certain  value.  When  the  temperature 
of  the  copper  vaporizer  is  raised  from  93  °C  to  100  °C, 
i,e.  the  vapor  pressure  is  doubled,  the  rate  of  the  initial 
rise  in  the  desorbed  species  is  doubled,  the  time  re¬ 


Fig.  2.  Integrated  mass  signal  of  desorbed  species  (m/<?  =  151)  vs. 
adsorption  time. 


quired  to  reach  saturation  is  half  of  the  original  value, 
but  the  saturation  value  is  almost  the  same.  This  sug¬ 
gests  that  the  saturation  is  not  simply  due  to  the 
balance  between  adsorption  and  desorption,  but  that 
self-limiting  adsorption  takes  place  [6]. 

The  surface  chemistry  of  the  substrate  treated  by  the 
adsorption  of  Cu(DPM)2  and  thermal  desorption  cycles 
was  analyzed  by  electron  spectroscopy  for  chemical 
analysis  (ESCA). 

The  number  of  copper  atoms  deduced  from  ESCA 
spectra,  however,  was  about  10%  of  a  monoatomic 
layer.  This  may  be  attributed  to  the  steric  hindrance  of 
large  molecules  of  DPM,  as  shown  schematically  in  Fig. 
1(b).  We  have  to  look  for  a  smaller  ligand  for  self-lim¬ 
iting  adsorption  with  100%  surface  coverage  by  raising 
the  temperature  or  by  using  other  precursors.  The  most 
useful  case  would  be  self-limiting  adsorption  of  copper 
atoms  only. 

As  the  present  experiment  was  carried  out  using  an 
ultrahigh  vacuum  CVD  apparatus,  the  supply  rate  of 
precursors  was  limited,  with  the  result  that  it  takes  an 
impractically  long  time  to  reach  saturation  of  the  ad¬ 
sorbed  species.  This  problem  is  solved  by  employing  a 
higher  supply  rate  of  precursors,  as  is  described  in  the 
following  section. 


3.  In  situ  optical  monitoring  of  growth 

The  experimental  set-up  for  optical  reflectance  mea¬ 
surements  with  the  CVD  apparatus  has  been  described 
elsewhere  [7].  The  light  source  was  a  780  nm  laser  diode 
with  continuous  wave  light  power  of  5  mW.  A  silicon 
photodiode  was  used  to  detect  the  reflected  light.  The 
incident  angle  of  the  laser  beam  was  60°.  The  precur¬ 
sors  for  CVD  were  -diketonate  complexes,  such  as 
Y(DPM)3,  Ba(DPM)2  and  Cu(DPM)2.  The  precursor 
gases,  oxygen  as  the  oxidizing  agent  and  argon  for 
purging,  were  controlled  by  a  computer  program.  The 
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Fig.  3.  Oscillation  of  the  reflected  light  signal  with  sequential  supply 
of  p-diketonate  complex  and  oxygen. 


flow  rate  of  carrier  gas  for  precursors,  oxygen  and 
argon  was  200  standard  cm^  min"^  The  pressure  in  the 
reactor  tube  was  1  Torr.  MgO  substrates  were  placed 
on  a  ceramic  heater,  and  the  substrate  temperature  was 
varied  between  350  and  450  °C. 

Variation  of  the  reflected  light  intensity  on  the  grow¬ 
ing  surface  during  sequential  supply  of  j?-diketonate 
and  oxygen  was  observed.  Figure  3  shows  the  oscilla¬ 
tion  of  the  reflected  light  signal  which  corresponds  to 
variation  of  the  gas  supply.  The  amplitude  of  the 
reflectance  ratio  Ai?/i?Mgo  is  as  large  as  130%.  The 
amplitude  of  the  steady-state  value  and  the  transient 
time  constant  vary  according  to  the  chemical  species  of 
the  gas  supply. 

Figure  4(a)  shows  details  of  the  variation  of  reflected 
light  for  one  cycle  of  sequential  gas  supply  of 
Cu(DPM)2  and  oxygen.  When  Cu(DPM)2  is  intro¬ 
duced,  the  reflected  light  decreases  forming  a  dip  and 
then  increases  to  a  peak  followed  by  a  plateau.  When 
oxygen  gas  is  supplied,  the  reflected  signal  decreases 
abruptly  to  a  dip  and  then  returns  to  the  initial  oxygen- 
stabilized  level.  The  origin  of  the  dips  is  not  yet  clear. 
One  possibility  is  that  it  may  be  ascribed  to  the  in¬ 
creased  chance  of  scattering  of  light  due  to  random 
motion  of  chemical  species  on  the  growing  surface.  In 
that  case  the  precursor  should  be  very  large  molecules, 
in  view  of  the  wavelength  of  the  laser  light.  The  plateau 
region  may  be  considered  as  stablized  layers  of  either 
copper-containing  species  or  oxygen.  Analysis  of  the 
transient  time  may  provide  information  on  the  dynamic 
processes  of  surface  reactions,  i.e.  reaction  rates  and 
surface  relaxation  rates.  At  high  temperatures  the  tran¬ 
sient  rate  for  copper  adsorption  decreases  with  increas¬ 
ing  temperature,  where  desorption  of  chemical  species 
from  the  growing  surface  may  be  the  rate-limiting 
process  [7].  Figure  4(b)  shows  the  deposition  rate  of 
CuO^  films  per  cycle  plotted  for  various  durations  of 
supply  of  Cu(DPM)2.  After  the  initial  “dead  time”  of 
about  15  s,  the  deposition  rate  increases  abruptly  until 
saturation  occurs  at  40  s.  Saturation  of  the  deposition 
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Fig.  4.  (a)  Detail  of  the  variation  of  reflected  light  for  one  cycle  of 
sequential  gas  supply  of  Cu(DPM)2  and  oxygen,  (b)  Deposited 
thiekness  per  cycle  vs.  the  duration  of  Cu(DPM)2  supply,  (c)  X-ray 
diffraction  spectra  for  films  with  various  oxidation  times. 


rate  may  be  associated  with  full  coverage  by  precursors 
of  the  surface.  The  saturated  level  corresponds  to  several 
molecular  layers  of  CuO,,,  presumably  because  the 
growth  is  not  completely  two-dimensional  but  is  partly 
three-dimensional.  It  is  interesting  to  note  that  the 
variation  in  the  reflectance  signal  mimics  the  microscopic 
sticking  of  precursors  onto  the  surface.  Figure  4(c) 
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shows  X-ray  diffraction  patterns  for  films  with  various 
oxidation  times  (E-H).  Oxidation  proceeds  with  in¬ 
creasing  oxidation  time  until  perfect  oxidation  (H) 
where  highly  (111)  oriented  CuO  crystals  are  obtained. 
We  can  determine  the  appropriate  conditions  for  oxida¬ 
tion  by  monitoring  the  optical  reflectance  signal  from 
the  growing  surface. 

Because  of  the  preliminary  stage  of  this  work,  we 
have  not  tried  to  suppress  the  contribution  from  the 
bulk  region.  Nevertheless,  we  believe  that  the  change  in 
reflected  light  intensity  is  due  to  surface  phenomena 
since  it  is  not  likely  that  copper  precursors  or  oxygen 
atoms  penetrate  into  the  bulk  so  quickly  at  the  rather 
low  temperatures  used  here.  If  we  employ  methods  to 
minimize  the  contribution  from  the  bulk,  such  as  p-po- 
larized  light  together  with  the  incident  Brewster  angle, 
we  will  obtain  more  reliable  information  concerning  the 
surface  phenomena.  The  change  in  reflected  light  was 
not  observed  at  the  first  stage  of  deposition,  pre¬ 
sumably  because  of  the  lower  refractive  index  of  the 
MgO  substrate  compared  with  CuO^.  Once  a  thin  layer 
(less  than  10  nm)  of  CuO^.  is  deposited,  the  change  in 
the  reflected  light  becomes  pronounced  since  the  refrac¬ 
tive  index  of  CuO^  is  higher  than  that  of  the  surface 
layers.  After  prolonged  deposition,  the  difference  in 
reflectance  between  the  copper-stabilized  and  oxygen- 
stabilized  surface  disappears,  accompanied  by  increased 
surface  roughness.  Monitoring  the  transient  reflectance 
signal  may  help  the  search  for  conditions  for  self-limit¬ 
ing  atomic  layer  CVD  of  oxide  superconductors. 


4.  Conclusions 

Experimental  evidence  of  self-limiting  adsorption  of 
precursors  for  CVD  growth  of  oxide  superconductors 
was  shown  for  the  first  time.  Although  we  present 
results  for  copper  only,  this  property  can  be  extended  to 
other  P-diketonate  complexes  with  a  slight  change  in 


temperature  range.  This  fact  provides  one  important 
step  towards  atomic  layer  epitaxy  of  YBa2Cu3  0.,.  films. 

We  have  observed  variation  of  the  optical  reflection 
from  the  growing  surface  during  layer-by-layer  CVD  of 
oxide  superconductors.  This  method  can  be  used  as  a 
diagnostic  tool  to  monitor  crystal  growth  with  atomic 
scale  accuracy,  like  RHEED  oscillation.  The  dynamic 
behavior  of  the  structure  and  the  chemistry  of  the 
growing  surface  can  be  characterized  from  the  transient 
signal  of  the  reflectance.  It  is  necessary  to  pursue  the 
work  further,  for  example  to  clarify  the  significance  of 
the  change  in  reflectance  by  separating  the  contribution 
from  the  surface  and  the  bulk,  and  to  characterize  the 
chemical  nature  of  the  adsorbed  species  by  measuring 
the  spectral  dependence  of  the  change  in  reflectance. 
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Abstract 

Titanium  dioxide  thin  films  were  deposited  by  atomic  layer  epitaxy  using  TiCl4  and  water  as  reactants.  The  film 
growth  was  performed  over  the  temperature  range  150-600  °C  in  order  to  study  the  eflfects  of  temperature  on  the 
growth  rate.  The  effect  of  the  substrate  material  on  the  growth  rate  and  crystal  structure  was  also  investigated. 
Spectrophotometry,  X-ray  diffraction,  Rutherford  backseattering  spectroscopy  and  nuclear  reaction  analysis  were 
used  to  determine  the  chemical  and  physical  characteristics  of  the  films.  The  growth  mechanism  is  discussed  on  the 
basis  of  literature  and  results  obtained. 


1.  Introduction 

Owing  to  its  excellent  properties,  Le.  high  refractive 
index,  good  transmission  in  the  visible  and  near-IR  and 
chemical  stability,  titanium  dioxide  thin  films  are  used 
in  optical  and  electronic  applications.  Ti02  films  have 
been  grown  by  all  the  usual  deposition  techniques, 
including  various  physical  vapor  deposition  methods 
[1],  sol-gel  processes  [2]  and  chemical  vapor  deposition 
(CVD)  methods.  In  addition  to  TiCl4  [3-7],  different 
alkoxides,  especially  titanium  isopropoxide  [8-11]  but 
also  titanium  tert-butoxide  [12]  and  titanium  ethoxide 
[10,  13],  are  the  most  typical  titanium  sources  used  in 
CVD.  Water  and  oxygen  have  been  used  to  provide  the 
oxygen  needed  for  film  growth.  Because  alkoxides  con¬ 
tain  oxygen  as  a  constituent,  an  additional  oxygen 
source  is  not  necessarily  needed. 

The  possibility  of  controlling  film  thickness  simply 
and  precisely  by  the  number  of  reaction  cycles  makes 
atomic  layer  epitaxy  (ALE)  an  attractive  method  for 
depositing  Ti02  films,  especially  for  optical  applications 
where  it  is  desirable  to  control  film  thicknesses  as 
accurately  as  possible.  Films  of  titanium  oxide  mixed 
with  aluminum  oxide  fabricated  by  ALE  are  used  as 
dielectric  layers  in  TEEL  devices  [14].  However,  reports 
of  pure  Ti02  growth  by  ALE  are  sparse.  Lakomaa  et  aL 
[15]  used  ALE  to  deposit  a  catalyst-supporting  Ti02 
layer  onto  silica  powder,  but  the  growth  was  limited  to 
only  a  few  reaction  cycles.  Although  Kawai  et  al.  [16] 
do  not  use  the  term  ALE  in  their  paper,  they  used  the 
basic  idea  of  ALE — pulsing  of  the  reactants — when 
they  grew  Ti02  films  on  silicon  with  the  assistance  of 
laser  irradiation.  TiCl4  was  introduced  onto  the  sub¬ 


strate  and  after  an  evacuation  sequence  the  substrate 
was  irradiated  with  an  ArF  excimer  laser.  Subsequently, 
separate  oxygen  and  hydrogen  pulses  were  introduced. 
With  this  procedure  rutile  films  were  deposited  even  at 
room  temperature.  The  growth  rate  per  cycle  was  of  the 
order  of  1  A  per  cycle  which  is  quite  typical  for  ALE 
deposited  oxides  [14].  However,  owing  to  the  long 
evacuation  periods  (10  min  after  TiCl4  and  1  min  after 
oxygen),  the  growth  rate  per  time  unit  was  below 
0.1  Amin-'. 

In  this  work  we  present  the  results  of  Ti02  growth 
experiments  by  ALE  using  TiC^  and  H2O  as  reactants. 
These  reactants  were  chosen  in  order  to  achieve  the 
most  favorable  surface  chemistry  for  ALE  growth. 


2.  Experimental  details 

Titanium  oxide  films  were  deposited  in  a  flow  type 
reactor  F-120  described  in  principle  earlier  [17]  and 
manufactured  by  Microchemistry  Ltd,  Espoo.  The 
TiCl4  used  was  an  analytically  pure  commercial  reagent. 
TiCl4  and  H2O  reservoirs,  which  were  held  in  water 
baths  outside  the  reactor  at  temperatures  of  25  and 
20  °C,  respectively,  were  connected  to  the  cold  end  of 
the  reactor  through  capillaries.  Reactant  vapors  were 
introduced  into  the  reactor  '  by  means  of  their  own 
pressures,  no  bubbling  systems  were  used.  From  the 
cold  end  of  the  reactor,  vapors  were  transported  by 
nitrogen  to  the  heated  reaction  zone  through  separated 
pipes.  The  total  pressure  of  the  reactor  was  of  the  order 
of  10  mbar.  TiCl4  and  H2O  pulses  (typically  0.2  s)  were 
separated  by  a  nitrogen  pulse  (0.5  s).  Soda  lime  glass, 
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Corning  1733,  amorphous  AI2O3  layer  on  soda  lime 
glass,  polycrystalline  AI2O3,  silicon  as  well  as  natural 
phlogopite  were  used  as  substrates  and  the  substrate 
size  was  5x5  cm^. 

The  thicknesses  and  refractive  indices  of  films  on 
transparent  substrates  were  evaluated  by  fitting  mea¬ 
sured  transmittance  curves  according  to  the  matrix 
method  used  commonly  for  calculation  of  thin  film 
optical  device  performance  [18].  Rutherford  backscat- 
tering  spectroscopy  (RBS)  was  used  to  measure  thick¬ 
nesses  of  films  on  opaque  substrates  and  to  analyze 
chlorine  residues.  Hydrogen  contents  of  the  films  were 
determined  by  nuclear  reaction  analysis  (NR A)  using 
the  aY)^^C  resonant  reaction.  RBS  and  NRA 

measurements  were  carried  out  at  the  Accelerator  Lab¬ 
oratory  of  the  University  of  Helsinki,  The  crystal  struc¬ 
ture  and  crystallite  orientation  were  determined  by 
X-ray  diffraction  (XRD)  measurements  with  a  Philips 
powder  diffractometer  MPD  1880  using  Cu  Kot  radia¬ 
tion.  Surface  morphology  was  characterized  by  a  JEOL 
JSEM-820  scanning  electron  microscope  at  the  Depart¬ 
ment  of  Electron  Microscopy,  University  of  Helsinki. 

3.  Results  and  discussion 

3 A.  Film  growth  on  glass  substrates 

The  growth  temperature  was  varied  between  150  and 
500  °C  with  soda  lime  glass  substrates  and  between  200 
and  600  °C  when  Corning  1733  was  employed  as  sub¬ 
strate.  Film  growth  took  place  at  all  temperatures 
studied.  Figure  1  depicts  the  growth  rate  evaluated 
from  films  deposited  by  2000  reaction  cycles.  The 
growth  rate  varied  between  0.35  (200  °C)  and  0,56 
(400  °C)  A  per  cycle.  The  substrate  was  observed  to 
have  an  effect  on  the  growth  rate;  at  500  °C  the  growth 
rate  on  soda  lime  was  0.52  A  per  cycle  whereas  on 
Corning  1733  it  was  only  0.42  A  per  cycle. 


100  150  200  250  300  350  400  450  500  550  600 


Temperature  (°C) 

Fig.  1.  The  growth  rates  on  soda  lime  (□)  and  Corning  1733  (A) 
glass  substrates  as  a  function  of  temperature  (evaluated  from  films 
grown  by  2000  cycles). 


3AA.  Ideal  growth  mechanism 

Film  growth  takes  place  over  a  wide  temperature 
range,  which  is  an  expected  result  when  the  high  reac¬ 
tivity  of  TiCl4  towards  water  and  hydroxyl  groups  is 
taken  into  account.  On  the  basis  of  this  high  reactivity 
it  is  reasonable  to  expect  that  the  growth  mechanism 
may  be  largely  identical  with  that  proposed  for  ALE 
growth  of  AI2O3  from  AICI3  and  water  at  low  tempera¬ 
tures  [19].  According  to  this  idealized  mechanism,  TiCl4 
and  water  are  anchored  onto  the  growing  surface  by 
irreversible  exchange  reactions: 

n{-OH)(s)  +  TiCl4(g) - ^  (-0-)„TiCl4_.(s) 

+  «HCl(g)  (1) 

(-0-),TiCl4_.(s)  +  (4  -  «)H20(g) 

^  (-0-).Ti(OH)4_„(s)  +  (4  -/z)HCl(g)  (2) 

with  n  =  1-3.  When  TiCl4  is  introduced  on  the  hydroxyl- 
covered  surface  it  reacts  very  easily  with  hydroxyls 
liberating  hydrochloric  acid,  reaction  (1).  When  all  the 
hydroxyls  have  reacted,  no  more  TiCU  molecules  can  be 
adsorbed  on  the  surface  and  they  are  swept  out  during  the 
purge  sequence.  As  a  consequence,  the  substrate  is 
covered  by  (-0-)„TiCl4_„  species.  During  the  water 
pulse  these  intermediates  react  with  water  molecules, 
again  releasing  HCl  and  rendering  the  surface  hydroxyl 
covered,  reaction  (2).  Because  both  hydroxyls  and  tita¬ 
nium  species  are  strongly  bonded  to  the  growing  surface, 
the  activation  energy  needed  for  desorption  is  high  and 
ALE  growth  is  achieved  over  a  wide  temperature  range. 

3.1.2.  Complicating  processes 

Unfortunately,  the  real  growth  mechanism  is  not  as 
simple  as  that  outlined  above.  The  species  involved  may 
exist  in  different  configurations  and  they  may  have 
alternative  reaction  mechanisms.  These  variations,  which 
complicate  the  real  process  taking  place  during  the  film 
growth,  are  discussed  below. 

Hydroxyl  groups  on  the  Ti02  surface  are  either  ter¬ 
minal  or  bridging  between  two  cations.  Additionally, 
terminal  hydroxyls  can  be  either  adjacent  with  hydro¬ 
gen  bond  interaction  or  isolated  [20].  Terminal  and 
bridging  hydroxyls  are  likely  to  exhibit  different  chemi¬ 
cal  behavior,  which  causes  the  amphoteric  nature  of  the 
Ti02  surface  [21].  Bridging  groups  are  polarized  by  the 
cations  and  are  thus  acidic  whereas  terminal  hydroxyls 
are  more  basic.  Instead  of  reacting  with  TiCl4,  surface 
hydroxyls  can  condensate  with  each  other  [20]: 

Ti(OH)-0-Ti(OH)(s) - ^  Ti(-0-)2Ti(s)  +  H20(g) 

(3) 

2-Ti(OH)(s) - >  -Ti-O(s)  +  -Ti(s)  +  H20(g)  (4) 

If  the  hydroxyls  are  adjacent,  the  remaining  oxygen  is 
coordinated  to  two  cations,  reaction  (3),  but  if  they  are 
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isolated  the  oxygen  is  coordinated  to  only  one  cation 
leaving  the  other  one  coordinatively  unsaturated,  reac¬ 
tion  (4)  [20].  Reaction  (3)  takes  place  at  lower  temper¬ 
atures  than  reaction  (4)  because  hydrogen-bonded 
hydroxyls  are  more  favorable  for  dehydroxylation  than 
isolated  hydroxyls.  In  the  latter  case,  proton  or  hydroxyl 
migration  is  a  prerequisite  for  reaction  (4)  to  take  place. 
As  a  consequence,  dehydroxylation  takes  place  over  a 
wide  temperature  range,  which  extends  from  180  to 
550  °C  in  the  case  of  anatase,  for  example  [22].  Conse¬ 
quently,  the  density  and  relative  amounts  of  different 
configurations  of  surface  hydroxyls  are  temperature 
dependent,  which  is  expected  to  change  the  reactivity  of 
the  surface  towards  TiCl4.  It  was  assumed  above  that 
TiCU  reacts  only  with  hydroxyl  groups,  reaction  (1).  It 
can,  however,  also  react  with  oxygen  bridges: 

Ti(^0-)2Ti(s)+TiCl4(g) 

- .  Ti(Cl)-0-Ti(0TiCl3)(s)  (5) 

since  it  has  been  shown  that  reactions  analogous  to  (5) 
take  place  between  silica  surfaces  and  TiCl4  [23].  Reac¬ 
tion  (5)  is  probably  not  as  efficient  for  film  growth  as 
reaction  (1),  since  it  is  entropically  less  favored  because 
gaseous  products  are  not  involved.  Furthermore,  reac¬ 
tion  (5)  can  be  reversible  since  the  products  are  pre¬ 
served  in  close  proximity  with  each  other.  However,  it 
has  been  observed  that  on  silica  surfaces  oxygen  bridges 
are  even  more  reactive  towards  TiCl4  than  isolated 
hydroxyls  [23].  It  should  be  noted  that  owing  to  the 
more  covalent  nature  of  silica  compared  with  Ti02, 
oxygen  bridges  on  silica  are  strained  and  the  strain 
energy  liberated  in  this  reaction  may  make  a  noticeable 
contribution  to  the  total  change  in  free  energy.  The 
strain  effects  on  the  Ti02  surface  are  less  pronounced 
and  as  a  consequence  oxygen  bridges  on  Ti02  are  likely 
to  be  less  reactive  than  on  silica.  However,  the  reactiv¬ 
ity  order  of  different  hydroxyls  on  silica  is  more  likely 
to  be  preserved  on  the  Ti02  surface,  i.e.  hydrogen- 
bonded  hydroxyls  are  more  reactive  towards  TiCl4  than 
isolated  hydroxyls  [24].  As  a  result,  the  dehydroxylation 
reaction  (3)  is  likely  to  reduce  the  growth  rate  more 
than  reaction  (4). 

Also  the  configuration  of  titanium  species,  i.e.  n  in 
the  formula  (-0-)„TiCl4_«,  varies  with  temperature. 
For  example,  on  a  silica  surface  n  is  either  1  or  2  at 
175  °C  but  predominantly  2  at  450  °C  [15]. 

It  was  assumed  above  that  water  is  only  dissociatively 
adsorbed.  However,  at  the  lowest  growth  temperatures 
adsorption  of  molecular  water  cannot  be  neglected. 
Jones  and  Hockey  [25]  have  observed  that  even  though 
the  hydrogen-bonded  water  is  outgassed  at  room  tem¬ 
peratures,  the  removal  of  coordinatively  adsorbed  water 
requires  temperatures  up  to  200  °C.  Furthermore,  re¬ 
ports  of  even  higher  temperatures  needed  for  the  com¬ 
plete  outgassing  of  water  have  been  given  [21]. 


A  further  complication  to  the  growth  mechanism  is 
caused  by  the  possibility  of  the  reaction  product  HCl 
adsorbing  on  the  Ti02  surface  [26]: 

Ti-OH(s)  +  HCl(g)  Ti(H20)-Cl(s) 

<^Ti~Cl(s)+H20(g)  (6) 

Ti(-0-)2Ti(s)  +  HCl(g)  ^  Ti(OH)™0-Ti^Cl(s)  (7) 

At  low  temperatures  the  equilibria  have  been  ob¬ 
served  to  be  on  the  right,  whereas  at  elevated  tempera¬ 
tures  they  shift  to  the  left.  Parfitt  et  al  [26]  observed 
that  when  a  rutile  sample  saturated  with  HCl  at  45  ""C 
was  heated  under  evacuation,  desorption  of  HCl  took 
place  at  two  temperatures,  150  and  350  °C,  which  were 
related  to  the  reversal  of  reactions  (6)  and  (7)  respec¬ 
tively.  The  requirement  for  reaction  (6)  to  take  place  at 
such  a  low  temperature  is  that  the  species  Ti(H20)Cl  is 
preserved  on  the  surface,  i.e.  the  water  molecule  has  not 
desorbed.  This  condition  is  fulfilled  in  the  experiment  of 
Parfitt  et  al  since  the  saturation  was  carried  out  at 
45  °C.  However,  the  temperature  during  the  film 
growth  is  high  enough  for  desorption  of  water.  Since 
the  partial  pressure  of  HCl  during  the  TiCl4  pulse  is 
higher  than  the  partial  pressure  of  water,  the  equi¬ 
librium  (6)  can  be  on  the  far  right,  i.e.  water  is  des¬ 
orbed  and  isolated  chlorines  are  left  on  the  surface  and, 
as  a  consequence,  a  higher  temperature  is  needed  to 
desorb  chlorine.  Chlorine  residuals  have  been  observed 
to  increase  the  amount  of  molecular  water  adsorbed  on 
the  surface  at  low  temperatures,  whereas  at  higher 
temperatures  they  assist  dehydroxylation  [21].  The 
probable  mechanism  for  enhanced  dehydroxylation  is 
the  reverse  of  reaction  (7). 

3.1.3.  The  real  growth  process 

As  a  consequence  of  the  complications  discussed 
above,  the  real  growth  process  consists  of  competitive, 
simultaneous  reactions.  During  a  TiCl4  pulse,  hydroxyl 
groups  can  react  alternatively  with  TiCl4  (1)  or  with 
HCl  (6)  and  oxygen  bridges  with  TiCl4  (5)  or  with  HCl 
(7).  Reactions  (1)  and  (5)  lead  to  film  growth  whereas 
(6)  and  (7)  do  not.  It  should  be  noted  that  reactions  (6) 
and  (7)  can  also  take  place  during  the  water  pulse. 
Water  liberated  in  reaction  (6)  can  either  be  swept  out 
or  react  with  TiCl4  in  the  gas  phase  or  on  the  surface. 
Furthermore,  the  effects  of  dehydroxylation  (reactions 
(3)  and  (4))  must  be  considered. 

The  results  discussed  above  concerning  surface  pro¬ 
cesses  were  obtained  from  stable,  crystalline  Ti02  sur¬ 
faces  at  equilibrium  conditions.  In  our  case  amorphous 
film  is  growing  when  an  amorphous  substrate  is  used 
and  the  gas  phase  is  non-static,  which  makes  the  situa¬ 
tion  even  more  complicated.  Together  with  kinetic  fac¬ 
tors,  these  processes  constitute  a  complex  relationship 
between  growth  rate  and  temperature.  Furthermore, 
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owing  to  the  chain-like  growth  mechanism,  where  the 
number  of  adsorption  sites  on  the  uppermost  surface 
layer  is  determined  by  the  layer  on  which  it  has  been 
deposited,  the  densities  of  different  adsorption  sites  on 
substrate  surfaces  may  have  an  effect  on  the  growth 
rate.  This  can  be  illustrated  by  making  a  simplifying 
assumption  that  the  growth  takes  place  predominantly 
via  surface  species  (-0-)2TiX2(X  =  Cl  or  OH).  When 
the  first  TiCl4  pulse  is  exposed  on  the  substrate,  two 
reactive  sites  are  lost  for  each  (-0-)2TiCl2  formed. 
During  the  subsequent  water  pulse  these  species  react  to 
form  (-0“)2Ti(OH)2  and  as  a  consequence  the  number 
of  reactive  surface  sites  remains  constant.  Naturally,  the 
real  situation  is  more  complicated  owing  to  the  various 
species  involved.  However,  the  basic  idea  is  that 
through  the  chain  mechanism  the  substrate  surface  may 
have  an  effect  on  the  growth  rate  even  when  it  has  been 
totally  covered.  This  can  explain  the  observed  difference 
between  soda  lime  and  Corning  1733  glasses. 

Owing  to  the  lack  of  kinetic  data,  only  suggestions 
can  be  made  about  the  dominance  of  different  processes 
at  different  temperatures.  In  the  case  of  soda  lime,  the 
decrease  in  growth  rate  going  from  150  to  200  °C  is 
associated  with  the  desorption  of  coordinatively  ad¬ 
sorbed  molecular  water.  Between  200  and  400  °C  the 
growth  process  seems  to  be  kinetically  limited.  This  is 
verified  by  the  observation  that  when  the  reactant 
pulses  at  300  °C  are  elongated  from  200  ms  to  400  ms, 
the  growth  rate  is  increased  by  14%  to  the  same  level 
which  is  achieved  above  400  °C  with  shorter  pulses.  The 
rate-limiting  step  is  related  to  the  adsorption  process, 
since  elongation  of  the  purge  time  from  500  ms  to 
1000  ms  has  a  reverse  effect  on  growth  rate,  diminishing 
it  by  9%,  which  is  probably  caused  by  dehydroxylation. 
The  adsorption  of  HCl  (reactions  (6)  and  (7))  is  dimin¬ 
ished  when  the  temperature  is  elevated,  which  can  also 
have  an  effect  on  the  observed  increase  in  the  growth 
rate.  Above  400  °C  the  growth  rate  achieves  a  constant 
value  owing  to  the  stabilized  surface  state.  The  slight 
decrease  from  400  °C  to  500  °C  is  likely  to  be  caused  by 
dehydroxylation.  At  500  °C  the  purge  time  has  a  very 
small  effect  on  the  growth  rate:  the  thicknesses  of  films 
grown  by  2000  cycles  were  104,  103  and  100  nm  when 
the  purging  times  were  200,  500  and  1000  ms  respec¬ 
tively.  This  seems  to  indicate  that  owing  to  fast  surface 
kinetics,  a  constant  surface  state  is  readily  achieved  at 
this  temperature.  Elongation  of  the  reactant  pulse 
above  200  ms  has  no  effect  at  500  °C.  When  Corning 
1733  is  used  as  a  substrate,  a  constant  growth  rate  is 
achieved  by  300  °C  and  is  preserved  up  to  600  °C. 

3. 1  A.  Dependence  of  the  growth  rate  on  film  thickness 

Figure  2  shows  growth  rates  on  soda  lime  as  a 
function  of  the  number  of  reaction  cycles  used  at 
500  °C.  It  can  be  seen  that  there  is  a  clear  decrease  in 


Growth  rate  (A/cycle) 


Fig.  2.  The  dependence  of  the  growth  rate  at  500  °C  on  the  number 
of  reaction  cycles  used.  The  growth  rates  were  evaluated  from  thick¬ 
nesses  measured  35  mm  from  the  leading  edge  of  the  soda  lime 
substrate. 


growth  rate  when  the  number  of  cycles  is  increased. 
Two  alternative  explanations  can  be  given  for  such 
behavior.  As  a  result  of  condensation  reactions  the 
hydroxyl  density  of  the  surface  is  decreased,  which  in 
turn  decreases  the  growth  rate,  because  resulting  sur¬ 
face  oxides  are  not  as  effective  adsorption  sites  for 
TiCl4  as  hydroxyls.  If  a  certain  fraction  of  hydroxyls 
condensate  during  each  reaction  cycle,  the  number  of 
hydroxyls  decreases  cumulatively  with  the  number  of 
reaction  cycles  until  a  constant  hydroxyl  density  is 
achieved. 

However,  the  decrease  in  the  growth  rate  can  be 
caused  by  changes  in  the  morphology  of  the  film  during 
the  growth  process.  If  the  formation  of  large  three-di¬ 
mensional  nuclei  is  the  first  step  of  film  growth,  the  film 
is  initially  coarse  with  empty  space  between  the  nuclei. 
When  the  growth  proceeds  further  these  holes  and 
pores  are  filled.  As  a  consequence,  the  apparent  film 
thickness  increases  fast  in  the  early  stages  of  film 
growth  whereas  the  increment  is  lowered  when  the 
holes  are  filled.  This  growth  mechanism  is  in  conflict 
with  the  basic  assumption  of  ALE  growth,  i.e.  layer-by- 
layer  growth.  It  is,  however,  possible  to  formulate  such 
a  mechanism  which  leads  to  three-dimensional  nucle- 
ation  and  still  preserves  the  self-limiting  growth  rate 
control.  This  is  based  on  HCl  adsorption  (reaction  (6)) 
which  liberates  H2O  in  the  gas  phase  during  the  TiCl4 
pulse.  Consequently,  gas  phase  nucleation  can  take 
place  resulting  in  small  three-dimensional  nuclei.  The 
self-limiting  control  is  preserved  since  the  amount  of 
water  is  dictated  by  the  number  of  hydroxyl  groups. 
This  kind  of  growth  mechanism  should  have  an  effect 
on  the  film  density  and  consequently  on  its  optical 
properties.  However,  refractive  indices  did  not  indicate 
this  kind  of  variation. 
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Fig.  3.  Film  thickness  as  a  function  of  the  distance  from  the  leading 
edge  of  the  substrate.  The  film  was  deposited  onto  Corning*  1733  at 
600  °C  using  2000  reaction  cycles. 


3,1.5.  Uniformity  of  film  thickness 

The  high  reactivity  of  TiC^  also  has  drawbacks  for 
the  film  growth.  It  was  clearly  seen  from  the  interfer¬ 
ence  colors  that  films  were  thicker  at  the  leading  edges 
of  substrates.  The  thickness  had  a  strong  profile  and 
diminished  to  a  constant  value  after  a  region  which  was 
about  10-20  mm  wide  (Fig.  3).  Outside  the  profile  area, 
film  thicknesses  were  uniform  in  the  direction  perpen¬ 
dicular  to  the  gas  flow.  The  reason  for  films  being 
thicker  at  the  leading  edge  is  assumed  to  be  caused  by 
reactions  of  TiCl4  molecules  with  residual  gases,  espe¬ 
cially  water  and  to  some  extent  also  oxygen.  This  was 
supported  by  the  observation  that  slow  film  growth 
took  place  at  this  narrow  region  even  when  the  water 
pulses  were  replaced  by  nitrogen  pulses. 

However,  the  carrier  gas  and  pumping  residues  seem 
to  be  minor  sources  for  profile  growth,  because  it  has 
been  shown  that  the  profile  problem  can  be  avoided  by 
leading  the  reactants  to  the  reactor  chamber  through  a 
common  line  [27].  According  to  this  observation  it 
seems  that  the  high  growth  rate  at  the  leading  edge  is 
caused  mainly  by  reversible  adsorption  of  the  reactants 
on  the  walls  of  pipes.  During  the  pulse  sequence 
molecules  are  adsorbed  before  the  substrate.  Owing  to 
the  relatively  low  desorption  rate,  molecules  of  one 
reactant  arrive  at  the  substrate  during  the  pulse  se¬ 
quence  of  another  reactant.  As  a  consequence  CVD 
growth  takes  place.  Because  the  concentration  of  the 
desorbed  species  is  small  and  the  reaction  is  fast, 
residues  are  exhausted  from  the  gas  phase  almost  imme¬ 
diately  after  the  crossing  point  of  the  reactant  flow 
routes.  In  our  arrangement  this  point  was  only  about 
1  cm  ahead  of  the  leading  edge  of  the  substrate,  but  if 
the  reactants  had  entered  the  reactor  chamber  through 
a  common  line,  the  crossing  point  would  have  been  well 
ahead  of  the  substrate  and  the  whole  substrate  would 
have  been  in  a  pure  ALE  growth  region.  When  the 


reactor  temperature  was  lowered  profiles  could  not  be 
observed  visually  any  more.  This  is  attributed  to  a 
lower  desorption  rate,  because  a  lowered  reaction  rate 
would  have  resulted  in  a  wider  profile  region. 

3.2.  The  effect  of  substrate  on  growth  rate  and  crystal 
structure 

3.2.1.  Growth  rate 

It  is  seen  above  that  growth  rates  on  soda  lime  and 
Corning  1733  glasses  were  different,  indicating  that  the 
substrate  has  an  effect  on  film  growth  during  the  whole 
process  and  not  just  during  the  first  layers.  This  kind  of 
effect  is  thought  to  be  caused  by  the  chain-like  growth 
mechanism.  In  order  to  study  this  effect  various  sub¬ 
strate  materials  were  used  at  500  °C.  The  film  thickness 
on  soda  lime  was  determined  by  both  RBS  and  trans¬ 
mittance  methods  in  order  to  be  able  to  compare  the 
results.  The  atomic  densities  obtained  from  RBS  were 
converted  to  geometrical  thicknesses  using  the  density 
of  anatase  for  films  having  amorphous  or  anatase  struc¬ 
ture  and  the  density  of  rutile  for  rutile  films.  This  can 
lead  to  values  which  are  slightly  too  low  since  the 
density  of  the  amorphous  phase  is  likely  to  be  less  than 
the  density  of  the  crystalline  phase.  Furthermore,  in 
many  cases  it  has  been  observed  that  an  amorphous 
buffer  layer  exists  between  the  substrate  and  crystalline 
film,  which  lowers  the  average  density  of  the  film.  The 
results  summarized  in  Table  1  indicate  that  there  are 
remarkable  variations  in  growth  rates  on  various  sub¬ 
strates.  It  is  interesting  to  note  that  in  the  case  of  the 
Corning  1733  substrate  there  was  no  remarkable  differ¬ 
ence  between  growth  temperatures  500  and  600  ""C,  but 
when  phlogopite  was  used  as  a  substrate,  the  growth 
rate  was  decreased  from  0.40  A  per  cycle  (500  °C)  to 
0.33  A  per  cycle  (600  °C). 

The  most  interesting  result  on  the  effects  of  substrate 
on  the  growth  rates  was  obtained  when  different  sub¬ 
strates  were  used  simultaneously.  In  our  reactor  two 
substrates  are  located  face  to  face.  In  order  to  obtain 
stable  flow  conditions  only  a  2  mm  wide  channel  is  left 


TABLE  1.  Comparison  of  film  thicknesses  on  different  substrates 
grown  at  500  X  with  2000  cycles  as  determined  by  transmittance 
measurements  <7(trans)  and  by  RBS  (atomic  density  and  c/(RBS)) 


Substrate 

(7(trans) 

Atomic  density 

d{RBS){nm) 

(nm) 

(10'^  atoms  cm"^) 

Soda  lime  glass 

103 

875 

101^ 

Corning  1733 

83 

— 

— 

Amorphous  AI2O3 

82 

— 

Silicon 

— 

872 

lOP 

AI2O3 

— 

924 

96'’ 

Phlogopite 

— 

111 

81'’ 

^Calculated  using  density  of  anatase, 
‘’Calculated  using  density  of  rutile. 
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TABLE  2.  Observed  X-ray  diffractions  with  relative  intensities  from  films  grown  on  different  substrates 


Substrate 

Growth  temperature 
(°C) 

Reaction  cycles 

Crystalline  structure 

Silicon 

500 

2000 

A(101)/100,  A(004)/82 

AI2O3 

500 

2000 

R(110)/100,  R(101)/95 

Phlogopite 

500 

1500 

R(200)/100 

Phlogopite 

500 

2000 

R(200)/100 

Phlogopite 

500 

2000 

R(200)/100,  A(004)28 

Phlogopite 

500 

4000 

A(004)/100,  A(1I2)/1I,  A(103)/7, 
R(200)/9,  R(ni)/1 

Phlogopite 

600 

2000 

R(200)/100 

A  =  anatase,  R  =  rutile. 


between  the  substrates.  When  both  substrates  were  soda 
lime  the  growth  rate  was  0.57  A  per  cycle  at  450  °C 
while  with  Corning  1733  the  growth  rate  was  0.38  A  per 
cycle.  When  soda  lime  and  Corning  1733  were  used 
simultaneously  the  growth  rate  on  Corning  1733  was 
increased  up  to  0.51  A  per  cycle.  On  soda  lime  the 
growth  rate  (0.55  A  per  cycle)  was  not  changed  remark¬ 
ably.  This  kind  of  interplay  between  substrates  is 
difficult  to  explain  without  gas  phase  migration  pro¬ 
cesses.  The  adsorption  of  HCl  on  hydroxyl  sites  fol¬ 
lowed  by  desorption  of  water,  as  discussed  above,  is  a 
process  which  could  cause  such  interplay. 

3,2.2.  Crystal  structure 

All  films  deposited  onto  amorphous  substrates  were 
amorphous  even  when  prepared  at  600  °C.  When  crys¬ 
talline  substrates,  such  as  silicon,  AI2O3  and  mica,  were 
used,  films  were  crystalline  having  either  rutile  or  ana¬ 
tase  structure  (Table  2).  Determination  of  the  preferred 
orientation  in  the  films  was  impossible  by  XRD,  be¬ 
cause  many  of  the  diffraction  peaks  of  rutile  and  ana¬ 
tase  were  overlapped  with  intense  peaks  of  the 
substrates.  However,  in  every  case  there  was  a  number 
of  unhidden  reflections  to  be  detected  but  only  a  few  of 
them  were  observed.  The  relative  intensities  of  the 
reflections  found  differed  markedly  from  those  reported 
for  powders  (Table  3)  [28]. 


TABLE  3.  X-ray  reference  diffractions  of  rutile  and  anatase  powders 
with  relative  intensities  [28] 


Sample 

Reflection 

Rutile 

( 1 10)/100,  (21 1)/60,  ( 101)/50,  ( 1 1 1)/25, (220) /20, 
(301)/20,  (112)/12,  (210)/10,  (002)/10,  (310)/10, 
(200)/8,  (221)/2 

Anatase 

(101)/100,  (200)/35,  (004)/20,  (105)/20,  (211)/20, 
(204)/14,(103)/10,(112)/10,(116)/6,  (213)/4 

The  overlap  between  the  Ti02  reflections  and  silicon 
reflections  was  not  very  strong.  However,  only  anatase 
(101)  and  (004)  reflections  could  be  observed.  Their 
relative  intensities  were  100  and  80  respectively,  com¬ 
pared  with  100  and  20  in  powder  samples  (Table  3).  On 
polycrystalline  AI2O3  the  peak  interference  was  much 
more  severe.  The  only  detectable  reflections  were  rutile 
(110)  and  (101)  with  relative  intensities  of  100  and  95 
compared  with  100  and  50  in  powders. 

Reflections  from  Ti02  films  on  mica  were  much  more 
intense  than  reflection  from  Ti02  silicon  and  AI2O3, 
which  was  attributed  to  the  better  crystallinity  of  the 
Ti02  film  on  mica.  The  XRD  pattern  of  phlogopite 
overlaps  with  the  most  intense  reflection  (101)  in  ana¬ 
tase  powder  and  two  of  the  most  intense  (110)  and 
(211)  reflections  in  rutile  powder.  Also,  a  number  of 
minor  peaks  were  overlapping.  The  rutile  (200)  reflec¬ 
tion  was  the  only  reflection  detected  in  films  grown  at 
500  °C  with  1500  cycles  and  at  600  °C  with  2000  cycles. 
Two  samples  were  made  by  depositing  film  for  2000 
cycles  at  500  °C.  Their  diffraction  patterns  were  not 
identical.  One  showed  only  the  rutile  (200)  reflection, 
whereas  the  other  had  in  addition  to  rutile  (200)  the 
anatase  (004)  reflection.  The  thickest  film  grown  with 
4000  cycles  had  the  most  complex  diffraction  pattern. 
In  addtion  to  peaks  listed  in  Table  2,  the  rutile  (110) 
reflection  was  observed  as  a  small  shoulder  on  the 
substrate  peak.  Additionally,  a  peak  having  a  c/-value 
of  2.89  A  was  observed.  It  cannot  be  assigned  to  either 
rutile  or  anatase  but  is  very  close  to  the  brookite  (121) 
reflection  which  has  a  tabulated  ^/-value  of  2.900  A  [28]. 

Comparison  of  these  results  with  powder  references 
(Table  3)  shows  that  films  are  at  least  partially  oriented. 
For  example,  (111)  and  (220)  reflections  of  rutile, 
which  have  a  higher  intensity  in  powder  than  the  (200) 
reflection,  are  not  overlapped  by  mica  reflections  but 
only  the  (200)  reflection  was  detected  in  most  rutile 
films.  Likewise,  the  (200)  reflection  of  anatase  was  not 
observed  even  though  it  has  a  high  relative  intensity  in 
powders  and  is  not  overlapped  by  mica  reflections.  To 
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summarize,  films  grown  for  2000  or  1500  cycles  tend  to 
be  oriented.  However,  the  crystal  structure  is  not  neces¬ 
sarily  reproducible  from  film  to  film.  When  the  film 
thickness  is  increased  various  orientations  are  observed. 

3.3,  Film  properties 

Scanning  electron  micrographs  showed  that  the  films 
were  smooth  and  crack  free.  Both  the  amorphous  and 
crystalline  films  consisted  of  grains  with  a  diameter  of 
about  0.1  pm.  Densities  of  films  grown  on  soda  lime 
were  estimated  by  comparing  thicknesses  obtained  by 
transmittance  measurements  and  RBS.  Using  the  thick¬ 
ness  obtained  from  transmittance  measurement  as  a 
geometrical  thickness,  the  atomic  densities  obtained 
from  RBS  were  converted  to  mass  densities.  Films 
grown  at  150  °C  had  a  very  low  density  (3.39  gcm~^) 
which  can  be  related  to  the  porosity  of  these  films.  The 
density  of  the  films  grown  at  500  °C  was  higher 
(3.76  gcm”^),  approaching  the  density  of  bulk  anatase 
(3.84  g  cm“^)  [29].  Refractive  indices  at  a  wavelength  of 
580  nm  were  observed  to  increase  steadily  from  2.4 
(150  °C)  to  2.6  (450  °C).  Film  thicknesses  had  no  effect 
on  the  refractive  index. 

The  amount  of  chlorine  residue  was  analyzed  by 
RBS.  The  film  deposited  at  150  °C  contained  about 
2  at.%  chlorine  whereas  in  the  film  grown  at  500  °C 
the  amount  of  chlorine  was  below  the  detection  limit 
of  RBS.  NRA  showed  that  the  hydrogen  profile  had  a 
maximum  both  at  the  outer  surface  and  at  the  film- 
substrate  interface  related  to  adsorbed  water  and  hy¬ 
drocarbon  impurities.  The  hydrogen  contents  in  the 
bulk  of  the  film  were  low  even  in  the  film  grown  at 
150  °C  (0.3  at.%).  As  expected,  the  hydrogen  content 
was  still  lower  in  the  film  grown  at  500  °C,  only 
0.1  at.%. 

Films  were  etched  by  70%  H2SO4  at  120  The 
growth  temperature  was  observed  to  have  a  remarkable 
effect  on  the  etchability.  Films  grown  at  150-200  °C 
were  easily  etched  at  a  rate  of  12nmmin"*  whereas 
films  grown  at  higher  temperatures  (300-500  °C)  were 
etched  very  slowly,  i.e.  5nmh“h  Film  deposited  at 
250  °C  was  etched  at  a  rate  of  14nmh~h  Similar 
behavior  has  been  observed  for  ALE  grown  AI2O3  films 
[30].  In  that  case  the  high  etchability  of  films  deposited 
at  low  temperatures  was  related  to  hydrogen  and  chlo¬ 
ride  residues.  Also  in  this  case  the  etchability  seems  to 
indicate  that  the  growth  reaction  is  not  complete  at  low 
temperatures,  which  was  verified  by  the  observed 
residues.  Since  the  chlorine  content  in  the  film  grown  at 
150  °C  was  an  order  of  magnitude  higher  than  the 
hydrogen  content,  the  oxochloride  species  rather  than 
the  hydroxide  species  are  likely  to  be  the  main  result  of 
the  incomplete  reaction  and  thus  the  origin  of  the 
etchability.  Our  results  can  be  compared  with  those  of 
Balog  et  al  [8],  who  reported  that  Ti02  films  grown  by 


CVD  from  titanium  isopropoxide  were  easily — the 
temperature  was  not  specified — etched  by  70%  H2SO4. 

3.4.  CVD  growth 

Film  deposition  was  also  performed  in  CVD  mode, 
i.e.  the  reactants  were  led  simultaneously  onto  the  soda 
lime  substrate  at  500  X.  The  thickness  of  the  resulting 
film  decreased  significantly  in  the  direction  of  the  gas 
flow  which  was  an  expected  result  on  the  basis  of  the 
reactor  geometry.  The  CVD  growth  rate  in  the  middle 
of  the  substrate  was  of  the  order  of  1800  A  min  If 
the  ALE  growth  rate  is  converted  to  similar  units 
taking  into  account  the  total  time  needed  for  deposition 
(1.4  s  per  cycle)  the  result  is  22  A  min“h  If  the  growth 
rate  is  calculated  per  pulsing  time  of  only  one  of  the 
reactants  (0.2  s  per  cycle),  the  growth  rate  is  still  only 
150  A  min"*.  CVD  films  of  comparable  thicknesses 
with  ALE  films  were  also  amorphous,  but  thicker  CVD 
films  had  rutile  structure  with  (110)  and  (200)  as  the 
most  intense  reflections. 


4.  Conclusion 

The  ALE  process  was  used  to  deposit  Ti02  films  with 
reproducible  and  uniform  film  thicknesses  onto  the 
substrate  area  which  was  at  least  3  cm  downstream 
from  the  crossing  points  of  the  reactant  flow  routes. 
The  growth  temperature  had  a  marked  effect  on  the 
growth  rate  which  was  attributed  to  temperature-de¬ 
pendent  surface  processes.  The  substrate  material  had 
an  effect  on  the  growth  rate  and  on  the  crystal  structure 
of  the  films.  On  amorphous  substrates  films  were  amor¬ 
phous,  but  on  crystalline  substrates  they  were  crys¬ 
talline  and  partially  oriented. 
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Abstract 

Insulating  films  consisting  of  thin  layers  of  tantalum  oxide  and  aluminum  oxide  were  deposited  using  the  atomic 
layer  epitaxy  technique  at  a  temperature  of  300  “C  from  metallic  chlorides  and  H2O.  The  average  film  composition 
can  be  modified  between  pure  aluminum  oxide  and  pure  tantalum  oxide  by  varying  the  pulsing  ratio.  The  effective 
refractive  index  is  adjustable  between  1.67  and  2.23  and  the  relative  permittivity  between  8.4  and  24.  The  leakage 
current  of  tantalum  oxide  is  significantly  reduced  by  thin  interposed  layers  of  aluminum  oxide.  These  multilayers  will 
potentially  be  useful,  for  example  for  applications  in  future  memory  integrated  circuit  and  large-area  display 
technologies. 


1.  Introduction 

High  permittivity  insulators  exhibiting  good  dielectric 
strength  have  a  wide  range  of  applications.  They  will  be 
needed  in  the  high  density  memory  integrated  circuits 
of  the  future  for  which  the  dielectric  constant  of  silicon 
oxide-nitride  is  insufficient  [1-4].  In  thin  film  electrolu¬ 
minescent  displays  a  large  proportion  of  the  applied 
electric  field  remains  across  the  active  layer  when  high 
permittivity  insulators  are  used  [5].  A  highly  reliable 
process  to  deposit  insulating  thin  films  of  high  quality 
onto  large-area  substrates  is  needed  in  the  fabrication 
of  active  matrix  liquid  crystal  displays  [6].  When  the 
dielectric  constant  is  large  the  leakage  current,  however, 
tends  to  be  large  as  well  [7]. 

Atomic  layer  epitaxy  (ALE)  is  a  deposition  method 
that  has  potential  to  produce  tailored  materials  for 
specific  applications.  We  deposited  layered  tantalum- 
aluminum  oxide  films  by  ALE  to  study  the  properties 
of  the  intermediate  average  compositions  between  pure 
tantalum  oxide  and  aluminum  oxide.  Optical,  electrical 
and  material  properties  were  measured. 


2.  Experimental  details 

The  Ta;,A1^0  films  were  deposited  onto  soda  lime 
glass  substrates  at  300  °C  using  the  MC-120  ALE  reac¬ 
tor  manufactured  by  Microchemistry  Ltd.  The  solid 
source  materials  AICI3  and  TaCls  were  evaporated  from 
open  boats  at  90  °C  and  H2O  vapor  was  delivered 
through  a  needle  valve.  The  switching  was  performed 
with  solenoid  valves.  Pure  nitrogen  was  used  as  a 
carrier  gas  at  a  pressure  of  approximately  1  kPa.  The 
pulse  durations  for  the  source  materials  were  0.2  s  and 
the  subsequent  purging  times  0.4-0.5  s.  The  pulsing 
sequences  for  the  different  Ta^^Al^,©  samples  (A  to  D) 
are  given  in  Table  1.  Some  substrate  glasses  were 
covered  prior  to  the  ALE  deposition  with  an  indium- 
tin-oxide  layer  400  nm  thick  and  delineated  to  form 
capacitor  electrodes.  The  capacitors  were  completed 
after  growing  the  insulator  with  sputter-deposited  alu¬ 
minum  metallization  200  nm  thick  patterned  for  the  top 
electrodes.  The  area  of  the  capacitors  was  about 
0.2  mm^.  The  thicknesses  and  the  effective  refractive 
indices  of  the  films  were  determined  by  fitting  calcu- 


TABLE  1.  Pulsing  sequences  used  for  the  deposition  of  Ta;,A1^0  films  of  four  different  compositions;  7V(Ta)/(7/(Ta)  -I- iV(Al))  denotes  the 
fraction  of  supplied  tantalum  oxide  pulses  in  the  oxide  mixture 


Sample 

Pulsing  sequence 

Af(Ta)/(A(Ta)  -f-  N{\\)) 

A 

15  X  (100  cycles  of  Al-O  +  100  cycles  of  Ta-O) 

0.500 

B 

30  X  (20  cycles  of  Al-O +  40  cycles  of  Ta-O) 

0.667 

C 

30  X  (20  cycles  of  Al-O  +  60  cycles  of  Ta-O) 

0.750 

D 

40  X  (10  cycles  of  Al-O  +  60  cycles  of  Ta-O) 

0.857 
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lated  optical  transmission  spectra  to  the  measured  spec¬ 
tra,  taking  film  dispersion  into  account  with  a  single¬ 
term  Sellmeier  model  [8].  Capacitances  and  loss  factors 
were  measured  at  a  frequency  of  100  kHz  using  an  HP 
4192A  impedance  analyzer,  and  the  I-  V  curves  with  an 
HP  4142B  modular  d.c.  source  at  a  ramp  rate  of 
1-3  V  s“^  The  elemental  composition  of  the  films  was 
analyzed  using  backscattering  spectrometry. 


3.  Results  and  discussion 

3.1 .  Backscattering  analysis  and  thickness  determination 

The  compositions  of  the  deposited  films  were  deter¬ 
mined  using  backscattering  spectrometry.  The  atomic 
ratio  [Ta]/[Ta-f  Al]  is  shown  in  Fig.  1  as  a  function  of 
the  cycle  ratio  A(Ta)/(A(Ta)  +  iV(Al))  used  for  film 
deposition  (see  Table  1).  The  tantalum  concentration  in 
the  films  is  clearly  smaller  than  the  relative  amount  of 
supplied  tantalum,  showing  that  the  deposition  rate  of 
tantalum  oxide  onto  aluminum  oxide  is  smaller  than 
the  deposition  rate  of  aluminum  oxide  onto  tantalum 
oxide.  Additionally,  in  all  the  films  about  1  -2  at.% 
chlorine  impurity  is  observed. 

The  film  thicknesses  as  measured  using  optical  trans¬ 
mission  analysis  vary  between  70  and  100  nm  with  the 
exception  of  sample  A  which  is  170  nm  thick. 
Combining  the  thickness  data  with  the  backscattering 
results  indicates  that  the  deposition  rate  is  not  a  con¬ 
stant  figure  for  the  very  thin  constituent  layers  used 
here  (each  layer  of  aluminum  oxide  or  tantalum  oxide 
is  only  0.5-10nm  thick)  but  is  a  function  of  the  num¬ 
ber  of  cycles  supplied.  In  particular,  there  seems  to  be  a 
period  of  remarkably  slow  deposition  rate  during  the 
very  first  few  cycles.  In  steady  state  condition  the 
deposition  rate  for  tantalum  oxide  is  of  the  order  of 
0.03  nm  per  cycle  and  for  aluminum  oxide  approxi¬ 
mately  0.09  nm  per  cycle  at  300  °C. 


Fig.  1.  The  atomic  ratio  x/(x  +jk)  of  Ta^Al_^0  composite  films  as  a 
function  of  the  relative  amount  of  supplied  tantalum. 


N(Ta)  /  (N(Ta)  +  N(A1)) 

Fig.  2.  The  refractive  index  of  Ta^  Al^O  composite  films  as  a  func¬ 
tion  of  the  relative  amount  of  supplied  tantalum. 

3.2.  Refractive  index 

The  measured  effective  refractive  indices  of  the  de¬ 
posited  films  at  the  wavelength  X  —  580  nm  are  shown 
in  Fig.  2  as  a  function  of  A(Ta)/(A(Ta)  +  A(A1)).  Pure 
aluminum  oxide  and  tantalum  oxide  deposited  by  ALE 
have  refractive  indices  of  «  =  1.67  and  n  =  2.23  respec¬ 
tively.  The  Ta^^Al^O  composite  films  A  to  D  show  an 
increasing  refractive  index  with  an  increasing  amount  of 
supplied  tantalum. 

3.3.  Permittivity 

The  dielectric  constant  of  aluminum  oxide  deposited 
by  ALE  is  £,  —  SA  and  that  of  tantalum  oxide  is 

=  23-24,  Intermediate  values  are  obtained  by  inter¬ 
mixing  the  oxides  as  can  be  seen  in  the  curve  of  Fig.  3. 
As  can  be  expected  from  the  facts  that  the  overall 
effective  dielectric  constant  of  a  multilayer  is  dominated 
by  the  low  permittivity  material  and  that  the  deposition 
rate  of  tantalum  oxide  is  smaller  than  that  of  aluminum 
oxide  in  the  ALE  deposition  conditions  used  here,  a 
large  amount  of  tantalum  is  needed  to  be  able  to 
operate  in  the  high  permittivity  end  of  the  available 
range. 


Fig.  3.  The  dielectric  constant  of  Ta^Al_^0  composite  films  as  a 
function  of  the  relative  amount  of  supplied  tantalum. 
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Fig.  4.  Leakage  current  of  Ta^Al^.O  composite  films  at  an  electric 
field  of  1  MV  cm"’  as  a  function  of  the  relative  amount  of  supplied 
tantalum. 


3.4,  Leakage  current 

The  leakage  current  was  measured  by  applying  an 
electric  field  of  lMVcm^‘  across  the  oxide  layer. 
When  looking  at  the  results  shown  in  Fig.  4,  one  can 
see  that  the  considerable  leakage  of  tantalum  oxide  is 
reduced  by  several  orders  of  magnitude  when  thin 
layers  of  aluminum  oxide  are  introduced.  The  leakage 
currents  for  the  composite  films  are  sufficiently  low  for 
several  applications  but  do  not  fulfil  the  the  most 
stringent  requirements  posed,  e.g.  for  a  64  Mbit 
DRAM.  Tantalum  oxide  films  previously  deposited  for 
that  purpose  have  been  annealed  at  high  temperature  in 
an  ambient  where  radical  oxygen  species  are  present  [1, 
2].  Our  films  were  deposited  at  a  low  temperature  of 
300  °C,  and  they  have  not  experienced  any  post-deposi¬ 
tion  treatments.  Annealing  in  active  oxygen  would  be 
interesting  to  obtain  information  on  the  ultimate  per¬ 
formance  obtainable  with  layered  tantalum -aluminum 
oxide  films.  Other  means  of  improving  the  leakage 
properties  would  be  to  study  chlorine-free  source  mate¬ 
rials  [2,  4],  plasma  or  UV  activated  deposition  [1],  or 
the  effects  of  the  deposition  temperature. 

The  films  do  not  typically  show  electrical  breakdown 
upon  ramping  the  current  up  to  1  mA  corresponding  to 


a  current  density  of  0.5  A  cm~^.  This  condition  is  reached 
between  electric  field  values  of  2.0  MV  cm~‘  (for  pure 
tantalum  oxide)  and  6.6  MV  cm”'  (for  sample  A). 


4.  Conclusion 

Tantalum -aluminum  oxide  composite  films  were  de¬ 
posited  in  the  form  of  layered  structures  using  atomic 
layer  epitaxy.  The  composition  can  be  varied  in  a 
controllable  fashion  by  altering  the  pulse  sequence  of 
the  deposition  process.  Film  properties  such  as  the 
refractive  index,  permittivity,  and  leakage  current  are 
modified  respectively.  Even  a  small  amount  of  alu¬ 
minum  oxide  introduced  as  thin  layers  in  the  tantalum 
oxide  results  in  a  significant  improvement  in  the  dielec¬ 
tric  properties. 
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